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ABSTRACT

Heat transfer performance of horizontal, integral-fin tubes made of copper,

aluminum, copper-nickel, and stainless steel was evaluated using a boiler and steam

condenser assembly. Testing was done at vacuum and atmospheric pressure conditions.

The tubes tested had an inner diameter of 12.7mm, a root diameter of 13.88mm, and fin

heights ranging from 0.5mm to 1.5mm, in 0.25mm increments. The outside heat transfer

coefficient was determined first by finding the overall heat transfer coefficient, U0, then by

using the Modified Wilson Plot Technique.

The results indicated that the performance of a finned tube is very dependent on fin

height and tube material. Moreover, the results were compared with the predictive models

of Beatty and Katz, Rose, Adamek and Webb, and Honda et al., with a modified version

of the Rose model demonstrating the best predictive capabilities.
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NOMENCLATURE

Aef effective surface area as defined by eqn. (5), m2

Afs surface area of fin flank as defined by eqn. (6), m2

Aft surface area of fin tip as defined by eqn. (7), m2

Al inside surface area of test tube, m2

AO outside surface area of smooth tube m2

AtotP outside area of test tube for one pitch length, m2

Sunfinned surface area as defined in eqn. (8), m2

BI constant used by Rose (Ref. 4], equal to 2.96

Bf constant used by Rose [Ref. 4], equal to 0.143

Ba constant used by Rose [Ref. 4], equal to 0.143

Bt constant used by Rose [Ref. 4], equal to 0.143

C1  assumed leading coefficient for h, as in eqn. (25)

CP specific heat at constant pressure, J/(kg K)

Deq equivalent diameter as defined in eqn. (3), m

D! inside diameter of test tube, m

Do outside diameter of test tube, or smooth tube, m

Dr root diameter of finned tube, m

ff fraction of unflooded fin flank surface area that is

covered with condensate

fe fraction of unflooded interfin surface area that is

covered with condensate

g gravitational constant, 9.81 m/s 2

hfV specific enthalpy of vaporization, J/kg

h! inside heat transfer coefficient, W/(m 2 K)
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ho outside heat transfer coefficient, W/(m 2 K)

k thermal conductivity, W/(m K)

kew thermal conductivity of coolant, W/(m K)

kf thermal conductivity of condensate film, W/(m K)

KI constant as defined in eqn. (28)

K2  constant as defined in eqn. (29)

L length of test tube, m

E fin flank length as defined in eqn. (4), m

LMTD log mean temperature difference, K

i mass flow rate of coolant, kg/s

nf number of fins per unit length of tube, m-1

Pr Prandtl number

qf fin flank heat flux as defined in eqn. (10), W/m2

qs interfin heat flux as defined in eqn. (11), W/m2

qt fin tip heat flux as defined in eqn. (12), W/m2

Q heat transfer rate as defined in eqn. (19), W

Re Reynolds number

s interfin spacing, m

t fin thickness, m

TI coolant inlet temperature, K

T2 coolant outlet temperature, K

Tf film temperature, K, or constant as in eqn. (16)

To steam temperature, K, or constant as in eqn. (17)

Test steam saturation temperature, K

Tt constant as defined in eqn. (15)

TW tube outside wall temperature (at fin base), K
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Uo overall heat transfer coefficient, W/(m 2 K)

GREP SYMBOLS

a assumed leading coefficient to find ho

AT temperature difference across the condensate film, K

If fin efficiency

e constant as defined in eqn. (27)

eAT enhancement ratio for a given temperature difference

as defined in eqn. (14)

dynamic viscosity, kg/(m s)

Pf condensate film dynamic viscosity, kg/(m s)

p density, kg/m3

Pf condensate film density, kg/m3

PN9  fluid/vapor density difference, kg/m3

PV vapor density, kg/m3

4 condensate flooding angle as defined in eqn. (13)

a condensate surface tension, N/m

() constant as used in eqn. (11)

0 Petukhov-Popov function as defined in eqn. (26)
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I. INTRODUCTION

A. BACKGROUND

Today, all over the world, steam plants are being used to

provide power and electricity on land, and to propel ships and

submarines at sea. Because of this extensive use of steam

plants in general, and condensers in particular, it becomes

apparent that any enhancement in the performance of a

condenser could be of enormous benefit. For example,

electricity could be generated cheaper, fuel consumption could

be reduced, or ship speeds could be increased for a given

power plant.

One method of increasing condenser, and hence steam plant

performance, is to use "enhanced" condenser tubes. These tubes

offer an increase in performance by enhancing the heat

transfer on either the inside or outside of the tubes.

Therefore, using these tubes would allow for smaller, more

efficient future condensers. Moreover, higher efficiency could

be achieved for existing power plants by retubing with

enhanced tubes.

One type of enhanced tube is the integral-fin tube. An

integral-fin tube is a tube with circumferential fins on its

outside, manufactured by machining the material between the

fins away. As the fin material always was part of the original
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tube stock, there is no contact resistance between the fin and

the tube wall. (ie, The fin is an integral part of the tube.)

There are two main reasons why integral-fin tubes are

enhanced over smooth tubes. One reason is because of the added

surface area presented by the fins for heat transfer. The

other reason is the interaction between the surface tension of

the condensate and the fins themselves.

Increasing the surface area of a tpbe, one might surmise,

would be very important in enhancing the heat transfer

performance of a tube. After all, the more surface area there

is, the more area there is for heat transfer. However, one

would also surmise that there must be a limit to heat transfer

enhancement. Particularly with lower conductivity materials,

it is intuitively obvious that there is a fin height beyond

which no further practical heat transfer increase will occur.

This limit in heat transfer rate results from the competitive

effects of increased condensing surface, and decreased heat

conduction (fin efficiency) through the fin as fin height

increases. The effect of fin efficiency during single phase

heat transfer is well known in setting a proper integral fin

height.

The interaction between the fins and the condensate

during condensation is a complex one, with two competing

effects arising from surface tension. One effect is to thin

the condensate film on the upper part of the tube. This is

called the unflooded region. On the lower part of the tube,

2



the presence of the fins causes condensate to be retained in

the space between the fins. This is called the flooded region.

These regions are shown in Figure 1.

The unflooded region demonstrates enhanced heat transfer.

This is because the condensate film on the tube wall and fin

flanks is kept very thin by the action of surface tension and

gravity. As the condensate has a much lower thermal

conductivity than the typical metal tube, its thinning

increases the amount of heat transfer.

Again, because of the low conductivity of the condensate,

the heat transfer is drastically reduced in the flooded

portion of the tube. When compared to the unflooded portion,

the amount of heat transfer provided by the flooded portion is

very small.

Unfortunately, by increasing the fin height, the flooded

portion of the tube is increased as well, again because of the

effects of surface tension. This tends to reduce the amount

of heat transfer, and competes directly with the enhancing

factor of increased tube surface area mentioned earlier.

Much work has already been done with integral-fin tubes at

the Naval Postgraduate School (NPS) and elsewhere. However,

the vast majority of work has been done with copper tubes

because of its high thermal conductivity and ease of

fabrication. Because of strength and/or corrosion concerns,

3
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most condensers use tubes made of copper-nickel, bronze,

stainless steel, or titanium, all of which have much lower

thermal conductivities than copper.

B. PREDICTIVE NODELS

It is obvious that enhanced tubes are advantageous.

However, being able to predict their performance would be even

more advantageous. After all, how does one design a condenser

when the performance of the tubes isn't well known? For that

matter, how does one tell if performance of enhanced tubes is

worth the added cost of manufacturing them?

Nusselt [Ref. 1], in 1916, was the first to successfL.L•,

predict the performance of smooth tubes. Since then, Beatty

and Katz [Ref. 2], Adamek and Webb (Ref. 3], Rose [Ref. 4],

and Honda et al. [Ref. 5] have all attempted to predict, with

varying degrees of success, the performance of integral-fin

tubes.

There is very little experimental validation of the

previously mentioned integral-fin models and virtually all the

data are with copper tubes (though Jaber and Webb [Ref. 6],

have done some very recent work with other materials).

Therefore, the previously mentioned models remain essentially

unproven with regard to tubes that would be used in actual

condensers.
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C. NAVAL POSTGRADUATE SCHOOL CONDENSATION RESEARCH

This thesis is part of an ongoing research program to

study enhanced condensation. Much work has been done over the

years with integral-fin tubes of various dimensions, though

most has been done only with copper tubes. Mitrou [Ref. 7),

and most recently Cobb [Ref. 8], looked at tubes of different

materials but with only limited variations of fin height.

D. OBJECTIVES

The main objectives of this thesis are as follows:

1. Obtain repeatable data for integral-fin tubes made of
different materials, to study the effects of thermal
conductivity on tube performance.

2. Compare data for tubes of the same material but different
fin heights, to demonstrate the effect of fin height on tube
performance.

3. Compare the experimental results with available
predictive models, to validate the models.

6



II. A REVIEW OF RELEVANT PREDICTIVE MODELS

A. NUSSELT MODEL

As mentioned previously, Nusselt (Ref. 1] was the first to

formulate an equation for the average heat transfer

coefficient for a smooth horizontal tube during film

condensation:

3kghfp f(P f-p I) (1)
ho=0.728 k f1

A tDoe(t•-To)

In order to develop his equation, Nusselt assumed that

the tube operates in a quiescent vapor, that is a vapor with

zero velocity. While his model remains generally valid, in

reality any vapor in a condenser will have some velocity.

Assuming downward flow, the vapor velocity would tend to thin

the condensate film and enhance the heat transfer above what

the Nusselt model predicts.

B. BEATTY AND KATZ MODEL

In 1948, Beatty and Katz (Ref. 2] formulated an equation

for the average heat transfer coefficient for integral-fin

tubes. They took into account the thermal conductivity of the

wall material in order to accurately model the effect of the

fins. However, to simplify the problem they neglected the

7



effects of condensate surface tension. For rectangular shaped

fins, their equation takes the form:

h-0689' ,1 (2)

where

=1. 31 t-Afe~l +,q f l Af + A (3)

and

1-Ig (Do-Dr) (4)

4Do

Ae1=nfAf8+fnfAf t+Au (5)

n,.f7 D C -D2)
2f= 0r (6)At#= 2

Afr,=ngDot (7)

Au=nfnDrs (8)

As Beatty and Katz ignored surface tension, one would

expect their model to perform better for low surface tension



fluids, such as refrigerants, than it would for water. Also,

the model would predict the performance better under high

pressures and hence, high saturation temperature conditions

where surface tension would be lower.

C. ROSE MODEL

Rose [Ref. 4] in 1993, developed a simple but complete

model for determining the outside heat transfer coefficient

for integral-fin tubes. Unlike Beatty and Katz [Ref. 2], he

took into account the effects of surface tension, gravity

induced drainage from the tube, and condensate flooding. He

did, however, choose to ignore the effects of fin efficiency

as he primarily dwelled on copper tubes which have a very high

fin efficiency. Rose's equation for the outside heat transfer

coefficient for an integral-fin tube is:

(1-f2) n(D -D) qf+ (1-f,) sDrsq5 j 1 (9)
SATAtoc.p

where q1, q., and qt are the heat fluxes from the fin flanks,

interfin space, and fin tips:

phgA 3 o.943'p 0 g÷ a 3 (10)

L hV h

9



Phgk3AT3 (I(t )) 3P LIZ/ ._B a

and:

, ph,,AT, 0.7p ° IZ•B' ,-,(12)

and the condensate flooding angle + is:

*-Cos-p D4 -1 (13)

The quantities f. and ff represent the fraction of the

unflooded portion of the interfin space and the fin flanks

that are flooded with condensate.

Moreover, Rose defines the enhancement ratio eAT as the

ratio of the predicted outside heat transfer coefficient for

a finned tube to that predicted by Nusselt at the same film

temperature difference. This ratio is given as:

Dot (j-fj)D 0-Dr)_ Tf (1f)B (14)
eATD,(s+t) T+ x1-f 1 2D1 (s+t) 0T+ (S1 0B. T

where:

Tt D- +B÷ o.72-p g ]t 31/4 (15)

10



[j 0. 9 D1/4
0 .7÷ o28.7 p (16)

and.

T (E(0)). D 1/4 (17)
1 0.7284 0.7 284 gs 3 t9"

Note that these equations contain four unknown

coefficients, 81, Bs, Bf, and Bt. Rose curve fitted these

equations to existing experimental data for copper tubes at

atmospheric pressure (only) and determined that Bi should be

2.96, while Bf, Bs, and Bt, were all equal to 0.143.

Cobb (Ref. 8], in 1993 modified the Rose model to include

the effects of fin efficiency. The modified Rose model

therefore takes the form of:

h2 2Dqf-+)(l-f1) (D2S-Dq 1 (18)
1 1, D÷ r +-f9) xDrsq .

2 iitc"



D. ADANEK AND WEBB MODEL

Adamek and Webb [Ref. 3] use a far different approach to

determine the outside heat transfer coefficient. Like Rose

[Ref. 4], gravity drainage, surface tension and the flooding

angle are all taken into account. However, that is where the

similarity ends.

Adamek and Webb chose not to ignore the effects of fin

efficiency. Furthermore they decided to look at a length of

tube which stretches from the midpoint at the tip of a fin to

the midpoint of its adjacent interfin space (see Figure 2).

The surface between those two points is then broken up

into eight discrete segments, namely, ba, ao, 01, 12, 23, 34,

45, and 56. For each of these segments, a local condensation

rate for the condensate surface is calculated. These

condensation rates are then summed for both the flooded and

unflooded portions of the tube. In addition, condensate film

thicknesses are determined for each of the eight segments. The

outside heat transfer coefficient is then a function of the

condensation rates, film thickness, fin efficiency,

temperature difference, and enthalpy. A major disadvantage of

this model is its complexity compared to the models of Rose

[Ref. 4] or Beatty and Katz [Ref. 2], and a numerical solution

is required to solve the problem.

12
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Z. HONDA MODEL

The Honda et al. model (Ref. 5], like that of Adamek and

Webb is quite complex, but is the most comprehensive model

available. Like Adamek and Webb [Ref. 3), the condensate film

thickness is calculated, and gravity and surface tension

effects are considered. For Honda's model, three cases are

considered based on fin spacing and condensation rate (see

Figure 3 from Ref. 5). Different sub-models are used for each

case. These cases are a function of fin spacing and

condensation rate and are used because it is expected that the

depth of the condensate film in the inter-fin space would have

a significant impact on the amount of heat transferred.

Honda et al. [Ref. 5], however, take into consideration

the properties of the test tube coolant, the inside heat

transfer coefficient, and the tube wall conductivity in

analyzing the heat transfer from the vapor to the coolant, and

then determine the temperature field in the tube and fins.

Therefore, their predicted outside heat transfer coefficient

is a function of coolant properties, inside heat transfer

coefficient, tube wall conductivity, fin efficiency, film

thickness, and surface tension and temperature difference.

This comprehensive analysis, however, requires a numerical

solution.

14
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III. EXPERIMENTAL APPARATUS

A. SYSTEM AND SYSTEM INSTRUMENTATION OVERVIEW

The system apparatus and instrumentation are identical to

that as described by Cobb (Ref. 8]. A major computer upgrade

is in progress, but has not yet been installed.

B. TUBES TESTED

As mentioned in the introduction, little experimental work

has been done with tubes made of materials other than copper.

For this work, tubes made of copper, aluminum, 90/10 copper-

nickel, and 316 stainless steel were used in order to

determine the relationship between tube heat transfer

performance and tube thermal conductivity. The thermal

conductivities for the tubes used were curve-fitted by Cobb

(Ref. 8) for the temperature range of this work, from data

taken from (Ref. 9). Table I lists the thermal conductivities.

TABLE I. THERMAL CONDUCTIVITIES OF TUBE MATERIALS

MATERIAL THERMAL CONDUCTIVITY

(w/(u K))

COPPER 390.8

ALUMINUM 231.8

COPPER-NICKEL 55.3

16



THERMAL CONDUCTIVITY
(V/ (z K))

STAINLESS STEEL 14.3

E II

All tubes tested contained a heatex insert. The heatex

insert is an insert of wire loops and is used to promote

repeatable, consistent, turbulent flow on the inside of the

tubes to enhance the inside heat transfer coefficient and

lower the inside thermal resistance. The tubes tested, and

their dimensions are listed in Table II.

TABLE II. SPECIFICATIONS FOR TUBES TESTED

TUBE ROOT FIN OUTER FIN FIN

MATERIAL DIA. HEIGHT DIA. THICKNESS SPACING

(MM) (MM4) ( W) (MM) (MM)

COPPER 13.88 1.50 16.88 1.00 1.50

COPPER 13.88 1.25 16.38 1.00 1.50

COPPER 13.88 1.00 15.88 1.00 1.50

COPPER 13.88 0.75 15.38 1.00 1.50

COPPER 13.88 0.50 14.88 1.00 1.50

COPPER 13.88 SMOOTH 13.88--------------------

17



-i

TUBE ROOT FIN OUTER FIN FIN
MATERIAL DIA. HEIGHT DIA. THICKNESS SPACING

(MN) (10M) (MM) (MM) (MM)

ALUMINUM 13.88 1.50 16.88 1.00 1.50

ALUMINUM 13.88 1.25 16.38 1.00 1.50

ALUMINUM 13.88 1.00 15.88 1.00 1.50

ALUMINUM 13.88 0.75 15.38 1.00 1.50

ALUMINUM 13.88 0.50 14.88 1.00 1.50

ALUMINUM 13.88 SMOOTH 13.88

COPPER- 13.88 1.50 16.88 1.00 1.50

NICKEL

COPPER- 13.88 1.00 15.88 1.00 1.50

NICKEL

COPPER- 13.88 0.75 15.38 1.00 1.50

NICKEL

COPPER- 13.88 0.50 14.38 1.00 1.50

NICKEL

STAINLESS 13.88 1.50 16.88 1.00 1.50

STEEL

STAINLESS 13.88 1.25 16.38 1.00 1.50

STEEL

18



.m

TUBE ROOT FIN OUTER FIN FIN
MATERIAL DIA. HEIGHT DIA. THICKNESS SPACING

(MM) (MM) (14M) (MM) (MM)

STAINLESS 13.88 1.00 15.38 1.00 1.50

STEEL

STAINLESS 13.88 0.75 14.88 1.00 1.50

STEEL

STAINLESS 13.88 0.50 14.38 1.00 1.50

STEEL

19



IV. XPERINENTAL PROCEDURES AND DATA ANALYSIS

A. SYSTEM OPERATION AND TUBE PREPARATION

System (see Figure 4) operation was identical to that

given by Cobb [Ref. 8]. For both atmospheric and vacuum runs,

non-condensable gasses were removed by use of a vacuum pump.

Simultaneously, the boiler heaters were turned on, and flow

was initiated in the test tube. Once steady conditions were

reached for the vacuum (saturation temperature of 48.7 degrees

C) or atmospheric (saturation temperature of 100.0 degrees C)

runs, cooling water flow was adjusted to 80% in the test

tube.

At this point data collection commenced. The data

collection procedure was repeated and the temperatures checked

for consistency before saving them. If the data were

sufficiently consistent, (+/- 1%) the flow through the test

tube was repeated with the flow meter reduced to 70%. This

process continued down to 20% flow in the test tube and was

then repeated from 20% back up to 80%.

Tube preparation was also identical to that given by Cobb

[Ref. 8] with the following exception:

* For aluminum tubes only, the treatment was stopped once a
continuous oxide layer has been formed on the surface of
the tube, but before dimensional changes had occurred
because of excessive corrosion due to the high reactivity
of aluminum.
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B. COKPUTER CODES

Three different computer codes were used for analysis in

this work. The first of these codes was used to take the raw

data and do initial processing, while the second and third

were codified versions of the previously mentioned predictive

models.

1. DRPALL

"DRPALL" is the name of the data acquisition and

initial processing program. It is an HPBASIC program and

remains unchanged from that described by Cobb [Ref. 8].

When used, the DRPALL program asks the user for information

regarding test tube material type and configuration. Once the

operator is ready to commence data taking, DRPALL either

measures directly via an HP 3497 Data Acquisition Unit, or

prompts the operator for data regarding boiler voltage, steam

temperature and pressure, coolant flow, and coolant

differential temperature.

From this data the heat transfer rate can be calculated.

Q-rAC ( 2 -T) (19)

Then the overall heat transfer coefficient is calculated:

O Q (20)
o A (LMTD)
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vhere:

LH7V '22'1(21)

Te :act-T2

Since the desired output is outside heat transfer coefficient,

the principle of thermal resistances in series is used, where

the tube wall thermal resistance is written as:

R.-i Di (22)

V 2,Lk

and the overall thermal resistance is given by:

1 . hL 1+R,+h_1 (23)
U0A0 h1 A1  hOA0

DRPALL contains a computer code for the Modified Wilson

Plot Technique to determine the inside and outside heat

transfer coefficients. As described by Cobb [Ref. 8], the

Modified Wilson Plot Technique uses the overall heat transfer

coefficient to find the inside and outside heat transfer

coefficients using assumed forms for them and following an

iterative technique. Since the data were taken using the

Petukhov-Popov correlation on the cooling water side[Ref. 10],

the heat transfer coefficients were assumed to be:
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a k 2 , 11/4

ho.a kJgDrAThf (24)

h-C . 1k (25)

where:

S6 RePr

QR~ 1(26)
K, +2.E-•)1/2 (pr2 /3 -1)

en El. 821og (Re) -1.64] 1/2 (27)

Ka-1 ÷3.4e (28)

and:

K2-ll •7 +1.8Pr -1/3 (29)

The values of a and C, are calculated in the code. In

addition, DRPALL contains corrections to take into account

frictional beating of the coolant, as well as the fin effects

of the two mounted ends of the test tube. More information for

the Program DRPALL is given in Appendix A.
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2. HEMATM

"HEATMEYER" is a computer code originally written by

Cobb (Ref. 8] and called HEATCOBB. HEATMEYER is a slightly

altered version of HEATCOBB in order to allow an interactive

input of tube parameters. This program is written in FORTRAN

and is a codified version of the Rose model [Ref. 4], with one

very important difference. Cobb [Ref. 8] modified the Rose

model to take into account the effects of fin efficiency. The

same fin efficiency equation used by the Beatty and Katz model

[Ref. 2], was applied.

All numerical values of outside heat transfer coefficient

and enhancement, presented in this paper, that are attributed

to Rose (modified) are determined by using this program. More

information for the program HEATMEYER is given in Appendix B.

3. Tsuj mori

In 1993, Tsujimori [Ref. 11], produced computer codes

which calculate outside heat transfer coefficients and

enhancements (for a given temperature difference) for the

models of Nusselt, Beatty and Katz, Adamek and Webb, and Honda

et al. All numerical values of outside heat transfer

coefficient and enhancement presented in this thesis, which

are attributed to Nusselt, Beatty and Katz, or Adamek and

Webb, or Honda et al., were determined by use of Tsujimori's

codes. More information regarding the Tsujimori programs is

given in Appendix C.
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V. RESULTS AND DISCUSSION

A. GENERAL DISCUSSION

Data were taken as described in Chapter IV, with two runs

being done on each tube: one at atmospheric pressure, and

another under vacuum conditions. Short form printouts of the

data as taken and processed by program DRPALL are included in

Appendix D.

The names of the data files give information on the tube

type and configuration, as well as the type of operation. The

first two letters of tl- file name tell which type of tube

material was used. Foi example, "ss" means stainless steel,

and "cn" means copper-nickel. The numerical values in the file

name represent the fin height of the tube where "15" means a

fin height of 1.5mm, "125" means 1.25mm, "1" means 1mm etc.,.

Finally, if the file name ends with an "A", that means the

experimental data were taken at atmospheric pressure, vice a

vacuum. Any file that ends with an "R" means that an original

run had been terminated because of equipment problems, and

that the run had been repeated.

Any time experimental data are taken, experimental

uncertainty becomes an important concern. Appendix E contains

the program used to predict the uncertainty for any given run,

as well as a brief explanation of the logic used. Appendix E
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also contains the uncertainty analyses for all of the data

runs.

Related to uncertainty is the issue of repeatability.

Consistency of experimental results is very important. In

other words, it is vital that the data taken reflect the way

tubes transfer heat, not the way the author collected his

data. To demonstrate repeatability, Table III is a comparison

of data taken by Cobb [Ref. 8] and the author for two tubes of

identical dimensions ( 1mm fin height, 1mm fin thickness, and

1.5mm fin spacing ) at vacuum.

Another indication of repeatability is how the data from

one tube compares with that of another, ie, are there any

trends or does the data seem entirely random? As demonstrated

in the plots to follow, there are some very clear trend which

help establish the repeatability of any one individual data

run.

TABLE III. COMPARISON OF INDEPENDENT RUNS OF FINNED TUBES

TUBE Ci alpha ENHANCEMENT

MATERIAL (delta T)

copper-

nickel 2.33 1.07 1.32

(Cobb)
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copper-

nickel 2.68 1.06 1.30

(Meyer)

% difference 13.1 1.5 1.5

copper 2.99 1.50 1.85

(Cobb)

copper 2.87 1.51 1.86

(Meyer)

% difference 3.9 0.5 0.5

B. HREAT TRANSFER COEFFICIENT VS. TEPERATURE DIFFERENCE

Figures 5 through 12 are plots of the outside heat

transfer coefficient versus film temperature difference where

the temperature difference, again, is defined as the

difference between the saturation temperature of the steam and

the outside wall temperature of the test tube calculatee at

the base of the fin. Figure 5 also shows some sample

uncertaint bars as determined in Appendix E. Two points

immediately make themselves clear:

1. Improvement of Enhanced Over Smooth Tube Performance

For two tube materials, copper and aluminum, data were

taken on smooth tubes with the same outside diameter as the

28
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X1O4 Ho vs.delta T for Aluminum tubes at vacuum
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X10 4  Ho vs. delta T for Cu-Ni tubes at vacuum
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X104 Ho vs. delta T for Stainless steel tubes at vacuum
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X104 Ho vs. delta T for Copper tubes (atmospheric)3.5
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x104 Ho vs. delta T for Aluminum tubes (atmospheric)
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xl04 Ho vs. delta T for Cu-Ni tubes (atmospheric)
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XlO4 Ho vs. delta T for Stainless steel tubes (atmospheric)
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diameter of the finned tubes at the base of the fins (ie the

root diameter). Exactly as one would expect, there is a marked

increase in the heat transfer of the integral-

fin tubes when compared to the smooth tubes. These effects can

be seen 1 $pEfunsC6apviziwidylOn Tube Performance

When comparing the data for high conductivity

materials, such as copper or aluminum, against the performance

of low conductivity materials, such as copper-nickel or

nless steel, it becomes apparent that the conductivity of

the material plays a large role in tube performance. There is

a very definite trend established that as thermal conductivity

decreases, so does heat transfer performance. The stainless

steel plots in particular, (Figures 8 and 12) demonstrate that

beyond fin heights of 0.5mm for vacuum, and 0.75mm for

atmospheric, the effect of the low conductivity is so

significant (ie, low fin efficiency) that the heat transfer

coefficient does not increase with fin height.

In fact, beyond these critical fin heights, the heat

transfer coefficient decreases with fin height. This can be

explained by the fact that, as described previously in Chapter

I, as fin height increases, not only is fin efficiency

reduced, but, the amount of tube that is flooded increases,

reducing the amount of tube surface for effective condensation

to occur, and therefore decreasing the outside heat transfer

coefficient.
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C. COMPARISON OF D&TA WITH PREDICTIVE MODELS

Figures 13 through 20 are plots of outside heat transfer

coefficient against temperature difference for the

experimental data and five predictive models. This is done

for tubes of a fin height of 0.75mm. The models are those of

Adamek and Webb [Ref. 3), Honda et al. [Ref. 5], Beatty and

Ka,, [Ref. 2], modified Rose [Ref. 4], and Nusselt [Ref. 1].

The Nusselt model is for a smooth tube vice a finned tube

and is only included to provide an indication of the

enhancement achieved by using finned tubing.

There are two models which seem to consistently predict

tube performance reasonably well. They are the models of Rose

(modified) [Ref. 4], and Beatty and Katz [Ref. 2].

The Beatty and Katz model, which, while reasonably

accurate, consistently over-predicts the experimental

performance of the integral-fin tubes. This is due to the fact

that Beatty and Katz neglected the effects of surface tension.

In fact, the Beatty and Katz model clearly is more accurate

for the atmospheric runs than it is for the vacuum runs. This

is because the atmospheric runs are conducted at 100 degrees

C (vice 48.7 C during vacuum conditions) where the condensate

surface tension is reduced.

The modified Rose [Ref. 4] model appears to be overall the

most accurate model, although it tends to under-predict the
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experimental tube performance. Of course, accuracy coupled

with conservatism can be a very desirable design

characteristic. Actual values of enhancement as predicted by

modified Rose, experimental enhancement, and the percent

difference between the two, will be presented later in tabular

form.

As Figures 13 through 20 show, the Adamek and Webb [Ref.

3) model tends to excessively over-predict the performance of

integral-fin tubes. Though the model displays the correct

trends, the relative inaccuracy and complexity compared to the

modified Rose model, would tend to render the Adamek and Webb

model unusable.

The Honda et al. [Ref. 5] model demonstrates the ability

to be extremely accurate, but its predictions vary widely as

the model steps through its different sub-cases (the wide

changes in outside heat transfer coefficient predicted by the

Honda model do not seem to be borne out by the experimental

results). Again, the complexity and often inaccuracy of the

Honda model makes other models such as modified Rose, more

appealing. The inaccuracies of the Adamek and Webb [Ref. 3)

and Honda et al. [Ref.5] models may be due to errors in the

codes established by Tsujimori [Ref. 11].

D. ENHANCEfENT VS. FIN HEIGHT

Figures 21 and 22 are plots of the experimental

enhancement ratio versus fin height for all four tube
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Enhancement vs. fin ht (atmospheric)
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materials. The enhancement is defined as the ratio of

experimentally found outside heat transfer coefficient at a

given temperature difference, over the outside heat transfer

coefficient for the same temperature difference as predicted

by Nusselt. There are three major points which can be derived

from these plots:

1. Smooth Tube Performance

For the copper and aluminum smooth tubes (ie fin

height equal to zero), one can see a slight enhancement over

that predicted by Nusselt. This is due to the fact that

contrary to Nusselt's assumption of a quiescent vapor, there

is a downward vapor velocity associated with the experimental

data (approximately 2 m/s for vacuum runs and I m/s for the

atmospheric runs). This vapor velocity tends creates a shear

force that thins the condensate film and enhances heat

transfer.

2. Effect of Fin Height on Enhancement

Again, particularly for high conductivity materials,

as fin height increases, so does performance. For example, for

copper and aluminum tubes, one can see an increasing

enhancement up to a fin height of 1.5mm, and the data appear

to demonstrate that a further increase in enhancement may

occur if fin height is further increased. However, this is not

so for low conductivity materials as discussed in the next

section.
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3. Effect of Conductivity on Enhancement

Low thermal conductivity materials severely reduce

enhancement. As can be seen in Figures 21 and 22, raising the

fin height would not necessarily result in further enhanced

performance. Even for a material with an intermediate thermal

conductivity, such as copper-nickel (see Figure 21), beyond a

fin height of about 0.75mm, there is little increase in the

enhancement. For stainless steel, the enhancement decreases

for a fin height above 0.5 - 0.75mm, depending on the

operating conditions.

In the present study, the minimum fin height used was

0.5mm. For stainless steel, it is observed that under vacuum

conditions, the enhancement peaks at a fin height of 0.5mm and

decreases for larger values. A recent work by Jaber and Webb

[Ref. 6], shows that for titanium tubes, which have a

conductivity near that of stainless steel, the enhancement

increases with increasing fin height of 0.28 and 0.43mm. It

appears that for such tubes, 0.5mm fin height would result in

an optimum performance. However, more experimentation with

lower fin heights is required before any firm conclusions can

be reached.

E. COMPARISON OF ENHANCEMENT WITH THE ROSE (MODIFIED) MODEL

Figures 23 through 30 are plots of enhancement versus fin

height and compare the experimental data to the predictive

results of the modified Rose model. Note that for all the
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Enhancement vs. fin ht for Aluminum tubes at vacuum
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Enhancemenkt vs. fin ht. for Stainless steel tubes at vacuum
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Enhancement vs. fin ht for Copper tubes at atmospheric pressure
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Figure 27 Experimental Results of
Enhancement Vs. Fin Height for
Copper Tubes at Atmospheric Pressure
with the Rose Model
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Enhancement vs. fin ht for Aluminum tubes (atmospheric)
2.8.

+ experimental results
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-. --- - -- --- -. -' ----.......... -..
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Fin ht (mm)
Figure 28 Experimental Results of

Enhancement Vs. Fin Height for
Aluminum Tubes at Atmospheric

Pressure with the Rose Model
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Enhancement vs. fin ht for Cu-Ni tubes (atmospheric)
2.8 I

+ experimental results

2.6 ... ......- Rose- model. (modified)
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Fin ht (mm.)

Figure 29 Experimental Results of
Enhancement Vs. Fin Height for
ýopper-Nickel Tubes at Atmospheric
Pressure with the Rose Model'
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Enhancement vs. fin ht for Stainless steel tubes (atmospheric)
2.8

I + experimental results
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Stainless Steel Tubes at Atmospheric
Pressure with the Rose Model
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plots, the modified Rose model demonstrates a reasonable to

very good predictive capability. The only glaring shortcoming

of the Rose model is its inability to predict the performance

peaks of stainless steel at low fin heights (Figures 26 & 30).

Surprisingly, even though the original Rose model was

developed using experimental data for copper tubes at

atmospheric pressure, the modified Rose model works well for

all tube materials. In addition, one might expect, that the

modified Rose model would work best for copper tubes at

atmospheric pressure, when in fact, this is not the case. This

may be at least partially explained by recognizing that the B

coefficients for the Rose model were determined without taking

into account fin efficiency. Adding a fin efficiency to create

the modified Rose model would then make the coefficients

incorrect since they essentially include the effects of copper

fin efficiency, assumed to be unity. Accuracy of the modified

Rose model improves for conductivities less than that of

copper, probably because the effects of fin efficiency become

increasingly predominant.

Table IV. compares enhancement for a given experimental

data run to the average enhancement as predicted by Rose

(modified) for the same film temperature difference.

Note that with very few exceptions, the modified Rose

model was able to predict the experimental data with good

accuracy. The few exceptions may be more an indication of

exrerimental error than of problems with Rose's (modified)
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model. The potential of the modified Rose model warrants more

experimental data to further establish its validity.

TABLE IV. EXPERIMENTAL AND ROSE MODEL ENHANCEMENTS

TUBE TYPE EXP ROSE % DIFF.

(MODIFIED)

CU5 1.53 1.41 7.8

CU75 1.65 1.60 3.0

CUl 1.86 1.82 2.1

CU125 2.10 2.04 2.8

CUl5 2.16 2.21 2.3

AL5 1.27 1.39 9.4

AL75 1.65 1.57 4.8

ALl 1.73 1.79 3.5

AL125 1.69 1.96 15.0

AL15 1.91 2.09 9.4

CN5 1.17 1.28 9.4

CN75 1.28 1.37 7.0

CN1 1.30 1.49 14.6

CN15 1.38 1.58 14.5
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TUBE TYPE EXP ROSE DIFF.
(MODIFIED)

SS5 1.20 1.02 15.0

SS75 1.12 1.02 8.9

SSI 0.96 1.03 6.7

SS125 0.91 1.02 12.1

SS15 0.96 1.01 5.2

CU5A 2.11 1.47 30.3

CU75A 2.14 1.70 20.5

CU125A 2.44 2.16 11.5

CU15A 2.60 2.34 10.0

AL5A 1.30 1.44 10.8

AL75A 1.75 1.66 5.1

ALlA 2.14 1.91 6.1

AL125A 1.96 2.08 6.1

AL15A 2.24 2.23 0.4

CN5A 1.32 1.35 2.3

CN75A 1.52 1.48 2.6

CNIA 1.61 1.61 0.0
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TUBE TYPE EXP ROSE % DIFF.
(MODIFIED)

CN15A 1.83 1.72 6.0

SS5A 1.36 1.10 19.1

SS75A 1.44 1.13 21.5

SSIA 1.14 1.15 0.9

SS125A 1.17 1.15 1.7

SS15A 1.10 1.13 2.7
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VI. CONCLUSIONS AND RECOM(ENDATIONS

A. CONCLUSIONS

Experimental data were obtained for steam condensation on

integral-fin tubes made of copper, aluminum, 90/10 copper-

nickel, and 316 stainless steel at both atmospheric and vacuum

conditions. The tubes used had a root diameter of 13.88mm, a

fin thickness of 1.0mm, a fin spacing of 1.5mm and fin heights

ranging from 0.5mm to 1.5mm, in 0.25mm increments. From this

data, the following conclusions can be made:

1. Reliable, repeatable data have been obtained, on the
performance of integral-fin tubes of varying materials
and fin heights.

2. For high conductivity materials, such as copper or
aluminum, as fin height increases so does the
enhancement of performance.

3. For low conductivity mat,- ls, such as stainless
steel,the effect of increas-ng surface area for heat
transfer by raising fin t,-ght, is negated by both the
poor fin efficiency, and the increased flooded area of
the tube, resulting in a decrease in heat transfer
performance.

4. Of the examined predictive models, the modified Rose
model seems to be the most accurate. This is despite
the fact that his empirically determined coefficients
were found only with data for a copper tube at
atmospheric pressure.
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B. RU•OhIKUIDATIONS

1. Use the results from tubes tested in this work and in
future work, to evaluate the B coefficients in the
modified Rose model to determine if the B values need
to be changed.

2. Test tubes at a fin height of 1mm with a fin spacing
ranging from 0.5mm to 2.0mm to find a spacing which
maximizes heat transfer enhancement for each tube
material.

3. Test tubes at a fin height of 1mm with a fin thickness
ranging from 0.25mm to 1.5mm to find a fin thickness
which maximizes heat transfer enhancement for each
tube material.

4. Using the results from 2 and 3, find the ideal fin
configuration which maximizes heat transfer enhancement
for each tube material.

5. Experimentally determine how changing the root diameter
of a tube changes the results in 4.

6. Continue with the computer upgrade in progress, to
ensure faster, more timely analysis.

7. Install a sight glass defogger on the test apparatus to
enable the operator to easily visualize the tube during
testing.

8. Install a throttle valve to more precisely regulate
the cooling water flow through the test tube.
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APPENDIX A. - PROGRAM DRPALL

The computer program DRPALL, is a program written in HP

Basic 3.0 which drives the HP 3497 Data Acquisition Unit.

DRPALL takes the raw data, and using the Modified Wilson Plot

Technique, calculates the test tube outside heat transfer

coefficient. DRPALL also takes into account frictional heating

of the test tube coolant, as well as tube end effects (ie it

considers the fact that the two ends of the test tube act like

fins).

More information on program DRPALL can be obtained by

contacting:

Prof. Paul J. Marto, Code ME/Mx
Department of Mechanical Engineering
Naval Postgraduate School
Monterey Ca. 93943-5002
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APPENDIX B. - PROGRAM HFETHMEYER

HEATMEYER is the program which predicts the outside heat

transfer coefficient, and enhancement of integral-fin tubes

based on the modified Rose model [Ref. 4]. HEATMEYER is a

slight alteration of Cobb's HEATCOBB (Ref. 8]. More

information on program HEATMEYER can be obtained by

contacting:

Prof. Paul J. Marto, Code ME/Mx
Department of Mechanical Engineering
Naval Postgraduate School
Monterey Ca. 93943-5002
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APPENDIX C. - TSUJIMORI COMPUTER CODES

These codes, written by Tsujimori [Ref. 11) are written in

the "C" computer language. There are a total of three

individual programs. One program for Nusselt [Ref. 1] (as a

reference), as well as Beatty and Katz [Ref. 2], one program

for the Adamek and Webb [Ref. 3] model, and the last program

for the Honda et al. (Ref. 5] model.

All three programs are interactive and are written such

that the user may specify the test tube parameters for any

tube without having to alter the program. All three programs

generate data files of heat transfer coefficient vs.

temperature difference, as well as enhancement ratio vs.

temperature difference or heat flux or fin spacing. For more

information on the Tsujimori codes, contact:

Prof. Paul J. Marto, Code ME/Mx
Department of Mechanical Engineering
Naval Postgraduate School
Monterey, Ca 93943-5002
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APPENDIX D. - EXPERIMENTAL DATA

This Appendix has short form printouts, generated by

program DRPALL, for all data runs taken.
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This analys,.s zone on fi.le

Thermal conduct vv t-i = 32 .8 84/ .K
Inside diam'~tar, ui. Z '12721tmm
Outside diameiter, Do .38 . S S
This analysis uses trhe OtUAR~TZ Imr-1VMTEE. r sadIn s
Mdified PSUkMv-Poaov coeffclnt

Usini; HEATEX insert. iniside tuOe

luma materi~al ,

?4usselt tneor*y is used f1ýr Ho

C! (tasaa on too
Alo~ha (tased on N4ussel-l (.^202
Mnhncameine (q; 7-46"
Enhncem'ent lOeI.-T) C ;.'386

3*4 ?.40; E+04. 7.17"!S+4 " SQE4+ 1-.1v6 13.sa

Is I . 3 .S 9aE 16.33 Z.3.66

1 8 l, 1, * , I' E* +,vi 4. Y'u*S lj~d S10 4^.3 7

t.1b 3.723E+Z-J S.3~+. i i E+3.7

.-es%-quar--s li~ne for q aodalta-T't
a

17 data ooints w~ere stored in fl,! C11I

VITE '7 -Y rairs where stored in data Oi~l=
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NO TIS: Pro"rava n'ame 'RPALL.
Caa laksn oyMER
mI s analisis #done on ,Ie*CIS
This ana!YSIS includes OnZ-flrn aeffect

Outside diameater , Co "1 38 a *404

This anaiysis uses tra QUARTZ THRmmE1 readings
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lute matar2.al W,4PP
Pressure counin :" tA CUUM¶
INussaJlt theory is used for Ho

Alpha '\11asad or, tolus~il 1 1 ~T de aA6

Snhanceai'%Cftu(
Enhanca~~1.0 '%0 

I-

Wta wUO Ho T; TS
(ml ( 1, V, IN, -K -2 K

"I Z.J + 0 .wCU S Z :16.Z

2j -.Z .73E+Oz :3VuE~4'v- y 8.~4,S^,-+"sS I' TIV

J, J .1' .i E 4 f 9 15,41s E +3 "U is';SE9 mu"

"., j r- :. ~3E4 3 * 5'S : 3

Least-3ouaras !in& for q aodalta-vlt
a 1.1037E+44
t 7. SONIE-0

NCTEi Z7 data points 'are atorsa in filaU2

I'U*~ ZZ7 Si- pair wassoe naa411
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PrT: vooram name~ : CRPAUL
mCata taken ty MEYER
This analysIis done On f! s COUJ7S
This3 analysisI nciUdeS and-f!-n Sffict

Insi6Za diametear, ^u! .A m.7 "n

Outside ~alam&tar , Co 1~38 (dr'm)
$This analysi.s uses tha QUARTAZ THERMICIETER r cad rngs
M'odified Z.Sa-ft ft;Lft
Usim; HEAT"-A insert Lflsi;d tuoa
Tubs Enghancam'ent RECTANGULAR FTU-4614Em TIUSE

Tube m'aterial CP-
Prsssura candition VAUU
Nusll~t. tflaor'j is used for Ho

CI tbased on Patukhov-Ponov, 1
Alpha '%tasad on Nuss~ait '%Tdai)) = J .'41
Enhan~cement eq) ,S.

Enhancement (0al-7) S4

Cata Vw. Uo HO Go Tc? T

2 3.831 :.;S0E+04 I .760E+0- 31. 4,ZE+TS 13.3s -48.43

J j .312 !Lf8E+U, 3.7E~ .-2S6E+44S 85 486

S. :.7 .CE+634 !.7,SSE+C 2.91 .CS S7.87 4.3.78

5 22 '3.848544E+31 :.388E+4 4. .^099E+QS :. 43.783

!7 8 .'34 E + C3 'Z8544 Z.633544 14. .' !8 .7 S
A7 814+3 27 '116 -2. ZE +10S 16.5 485

M.: S.~7E4 3;Z8E0ft 4'.. "1?44S 43. 7

11 77 .87544. 1344548a.l 3P.Z'.8E4S :7.6: 8.3
==-Z~1 1~+04 I.SISE048 3'. 405ZE45 1 9.3 T 8.7S

13 '.3 . 78+6. .81.tE-64 3.77+OS 113.7:11 4-8.66

14. 4..37 1.150 .326X+04 3.SSSE+OS '42. 3"3 -48.58

Laast-souares line for Q *aa-t
a 3.7401E+C-4.

0 ' 7.S E-

ICTE: ;4. data points w~ere stored in file CU,75

NOTE: :4 AX-Y pairs were stored in data file
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N4OTE: Pro~rarm nam~e : RPAU~.
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S 7 .37cE+Q03 !9.7 V404 ".375+OS i1.80 43.3"0
9~~~ .77 E.860 .3.+04 .0.655E+OS 13. 13 3

J.3.. 039~E+04 ;.G70E+04. ~SE+4 S.80 1 83.5
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640TE: Proorarm namea : RPALL
oa-pa ta'kaf 'wy MER
Thisz analysis done on It11a : " " "
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NOTE: Program nam~e : ORPALL
Cata taken ty
This analy#sis done on file ^1WSA
This analysi~s includes ad-fin aflflCt
Therm~al conductivity "m¶/~K
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ING TOS Program~ n~ame, ORPAL..
wata takan '3,, : MEYER
This analysis done, on~ f11e C'QJ7SA
This anialysis includes afld-1in affect?
Thermal 32.
Inside ,iametar , 0i .26 Zrqr
Ou t ~ca i * 3i &meator . Cjo -3.838 (jumm

This analstsi uses tha QUARTZ THER?¶CMETER rsadin~s
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Usin; HEPATkSX i.naar: 1.rnsda tluoa

Ti.da ~anaian: RSCANULAR cT-**E -S
lute materi.al COPPER
Pressu~re candai*tcn A T)IC S PHER r C
Nusale1. trkeor"9 is used for HO

wCi (based an Pstukhov-pro~ov? 1, =z "I
Alpha '%based an Nusueltu 'kvdaI)) a ' A
Enhancemqent IVaZ ts 0
Ennancaiment t(Cel-71 SZ 1

cata VAa UO Ho T sf T

4.34 ?.S3jE+c4 I VIE *0 1 1.1;E0 2.3 237

Z.. I.2644 .l7E42,L .1.2Sge+6 SO." 33.78

11a 16 :.Ij s I e. ZaE.. A ,1E 0

v 4.5 U ,a4E+a6 ~.86S 39.810
s :.: Ls~Ec4 23;3~04 9.646*2 ~;zs 9.36

I Acs ;~s~l34 Z.63Gs+c24 3.37,?Z+O5 3#2
.2.1 ~4 '" S .70 -1 O 4 7 I36 J. "73.34 iZ

fl ~ Z . E + ai 0 -4 1 -,ara .* -

IG.6 ;14E+Oz Z.4sae+04. S.SSSE-+CS Z6 V 2.2
:2 :: .s3'- .7s+Z4. S.68"6+25 4-1.A7 130.2?

3 3.81 i.6016*24 :.3Ss9E~a ;.ISIE*06 -8.81 32.26
14 4.34 SQ`4*E+Q4 ". 31 2s+4- 1 .1756426 S03 a 22..82

L&as-swuarss line ?or q =a'dejta-`T~t
a S .2324.E444
b 1P.52E-91

NOTE: 14. data points %art stored in file "U"7SA

NOTSE: 14 X-Y pairs kisrs storstl in data ftle

79



NCTE: Program nama : ORPALL
Cata Wan my : MEYER
This analysis done on fe : CUSA
This analysis includes an•-f:n effact

rnstdo diamqeter, QL = W.0. (mm'
Outside diameter, Co = 13.38 (mm)
This anaLysi3 uses the iUARTZ THERMCMETER rea:=n;a
modifiae Patunov-Pooov coaffi:zent • .
Using HEATEX insert inside tte
TWe Enhancement : RECTANGULAR FINNEO THUE
Tuta matrial : CCPPSR
Prssurs con•t~on : r ATMCSPHER:C
Nuissal.t theory is used for Ho

C1 (oased on 2.703v-P~o
Alpma faaad an Nussaat MTail? K7826
Ennancement to) 2.623
EnnanceI'ont WOei-T) WI

Ga:a Vw Uo Ho 1- TV 73

I W E3 .Ea6EK WAS .....
2 VV 1,42Z+M V.SEW IMAM 43.3Z S3.81

4 :.7S K.2330E0I Z.:SIE+04 3.337E÷0S 43.78 S3.38
S..._ 1 .ZZ7S÷04 z0SAM+• 3,2SE+SS 42.22 99.37

6 :.S9 1.:2ZE+04 2.4.3E+W4 3.48SE4S 4.82 3.3.7 1.1S !.0CIE+M Z.737E+W 7.SIZE÷CS ZS.SS WOW.
3 1.1s 3.364E003 Z.7SZE*+ 7.431E+6S ,7..2 1WK.18
3 I.s9 i.u10004c Z.393004 9.4SAW+S 3S.33 WKS

2.22 :. 004E4•4 2.320E+04 S.ZSZS+ZS 33.92 33.34
2.75 WSSE.84 2.3000+4 2372E+KS 43.07 22.7S

02 3.:3 1. Z544 2.327S+04 1--2oSS 46.5 W
,4 . I.3+•4 2.2330Z 1.:4 6 43.39 I0.

Laast-suaras line for q a*uaita-TV
a S.34.ZSE64.

NCTE: it data pointa were stortd in 01a CUSA

NOTE: 14 X-Y ar3 waers itorsd in data fil
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NICTIE: Pro~r am naim : ORPALL
,a~a taken ty MER
Thlis ana.lysi donle on file : tST
This anallysI.S Incl-u(1s and-fin effect

Thermal conC3UCt~v!%Y 2~~3~/4

'Insica di~amter, 01 mm7~8'

OUt.size ~al~amtr. Co 008
Th13 analysis USaS the CtUARTZ THERM1OMSTER -aad~n~s

lowdIflad PS-U4FoV-Po~oV eoffi.Cient 2SZ z

UsI,Vn HSAT=_X iniart, £ rs.c tu.za
Th~E nnancapment W^ -CH -w o

Tute material %^OqPPSR
Pressure corodition ATMCSPHERIC
Ni.US36a'tneory is sU"Id k'.r Ho

Cl' ttaid anl Patukhov-Pooov) 2 .4-T

Alpha ltased on Mussel.-t (Tdelfl "12.39

snhnbann5J -t 141 . a a'P,9

Enhancement t(OeI-T"

C~ate VJu Uo No T sf T

%,13" DAJ.41-K j15Am - Z - % Ic c
"4.3a 7 S67E+C'Z 3.SZZE+3 S.3641E+as 63.ZZ 99

IJ.V3' 7.3E .334353 4S S032~ S39-72

" 1 .3 Z7 .E4 S.3:E+031 S.S=E+OS S3.14.6 9 931.
~~~~ I..E+0 3"QC~U.' iS E +asV * S-.4S 933.87

4 .76 -.SSSE+O4Z . -8E4A e.SE S a883~ 1
7~+' * - i743 . ;SJE44A 4.s::*ass 9 -

as. , * 1 - IU * 14* ' /4 A

*3 !.72 S. SSE6+Z.C ;.Z7E+Z"4 S.1Z853E+S .t8.84 130.38

a~:: .S4 :.6IsE*04 5.6:75E+Z5 sZ.z IN. IS

to &. ZO l..d'ZS'a~ i.Jie+OW s.!i--Q S*. 33 3.8

Is # 7.s74E+'0" i.T28E+O46A. 6ýa

L .S 78'4z;3~iE+UA 11.210 +ZS MIS1 120.30

14 4.3S 7.3S8E+Q6j iL668E+CA a.2 Z25+C5 S1.3S I 166.6as

Least-Squares Line Ifor Ho v3 q curve:

!ntarcaat 2 3.616+60

Ltast-sQwaras line for q 2 a'dlta-11 -

a 26Z.3429E+94



1"10 I' Progrim name *.ORPU
wata takan ty . EE
This1 an~alyis#~ done on file :ALS
This anal.ysis includes and-fin 341fact

Thrmsal zonuctvla 2 63 1~ ~ .3 ( " O m

Outside n1am'atar, Co x 3.3 ( ,m)
Thi s analys 13 uses th QUA~RTZ THERM1CIET SR readings
M'odi.fied Pitu c,,,-Pooov, co.al-fician-t ZS0 v
Using HEATEX tnsaer insii~a tuta

Tue nhancaeiant RECAr4GlLA1R F:NtEO TU8E
woea material L7U
P1rassurs zondtion VCU
NU3361sat th~eory is used ?6.r Ho-

C~ (za~ad on Patufohv-Pzoov) , -
Aloha '%tasawl on Nussalt. 'Tdal)) = 541 71w
Enhancemqent tv 37
Enhancemenrt (Cnal-T1) 'I'

wata ¶Jw Nj O %wIA

(~/s) 84/rn-K) (/1r-K) WJ/m^.(C) (C
I.3 *..JO 4 f7E~ .9 18.3

S 2. 1.81344. ~ SE "4 .7S7S48S I43 4.8.7s
3 ~.,O*51C~~3E+Q4 .S371E+2S :7.2w 43.81

7 1.17 3.SZSEZ.J Z. 3191 S+Z4. .$3849G S 3.7 43.3
8 1 .171 a8.o0I E+Q Z.349E+V* Z. :.:86340S 8.79 49. Z1
9 1.72 8. 3,27"E+ 031 Z S + 04 :.9;SEZS 4.2. 13.39

12 .1 I.030 v.11*+0 3.31334 1720t 48.33
13 3.j3 ;.2?78344 21 *ZE+04 4.781E*8 17. 7, 43.33
I-.3 l.u2 0 .7 -6Z4 .33 =E+4 .w 4 3

!Leas%-souarss line for ca' a.dal ta-7T b

7.W8- 1-1

rdOTIE: :4 data moinl3 wara stored in file ALIS

NOTE: 14. X-Y pairs 'were 344ored in data 411-1
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NCT 2: Pro~gram~ name : RPAL'_
Cats taken ty : EE
This anaLys~i done on fils AL42S
This3 analysis Lrnclucas and-fin affacC
Therm~al zoduct,.vviy 2.3It. 8 ",I ;A.

naa~ maretar, 0I 1Z7 (Mm)
0Out3ida dimaieter, Co ,Z.3.3 (MIA,
This-analysis u5se tfle QUART:& THERMCA--TEZR readings
1onmfmed Psi kov-p~opo coalificiant-

I-~ E- NS

uza Enrmarcam'ent REZT't6ULA FI-4NCT
Tube matartal : AL-MIN¶~Ur

Prssurscondtio -.VACUIUt
Ilussea! thleory la used for Ho

C!. ttasad on Pt-aukhov-P-ov)
Alpha ( Used on Mussel t ( Tdl .367
Enhancaement (a) 1.01
Enhancement tOal-T) .8

Wata VW UO Ho Go

It~ i.O67E4@4 !843E464z -.642 S :.6 85

S 7T3 3. iE*+0d :.8 i az04 Z.7S6E+0S 137. 43.30

1 :7 9 ..6 S 3.8375 +0 3 1 S.85E5+ 04 Z.33 E +,aS S.'3.2 4,.7.s

i .' 3.1424 'ar 1 +vj .38:+15444 .,j ZZZE4 +.3 ILI~
-, ,.l i' np. irT a 'i.8Z!S+O j.1j8E+Sr . a in0

S~~~~~ ~~~~~ 1. 8.S-0 j3E0E23354 :.6 37

Latsqurs!n for~ q.423 iv.383543T' .650 33 3

L40E: X-Yue paine war% 3 e inde data- til
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NOTS: Pro~ramq nmei~ : RPALU..
Qata tak~en by : EE
This anaivsis acne on 1i'ile :AL
This analysis inlue arnd-tin affact
Thermqal Cndtuctiviy a I ..a '% *Wv,"A.K I
Insi.de clamac'tar, Ci Z 2 (~', 44)
Out 3 1 a djamea.ar , Zo 13 as '%m
This analyis2. uses t~a COUARTZ THER?¶OMETS3R rsadinr;a
Modi~fied Patuknov-Ponov coaffici.ant S311
Using HEATEX .nsar% inside t-une

1UbeEhncmn REC 7ANGULAR ý:i
%ba matariaj. L. AUIN
Pressura condition . VACIUtM
m4as~alt theory is used for Ho

Cl (%taaad on Pav~kmov-porjov "
Alorna (Xtasad an Nusalai 'Tda!)) - .4214.
Ennancaiqent (4) j.7
Enhanceme~nt t C)a 1 -T)I

Cata vJi U Ho WO

a,3 ;.Z7.SE+C4 S.3J48 .47ES !7.3 JW
3 VF-+4 V.4Sj-*-E1S.SZ 43 SO

4 .S L4+4 .3SS6E+04 Z7.a~8Z:S4S IS. 4. a.883J

S ~Zz .33E434 .~7E44 .SsGE+CS 14.31 43.88
S ;.89 9.S5549 2431 ".162 E4 + .5Z83E+ZS W8Z .8.8

1.10 43.93QQ -3"Ea -1

8 .1 3.711E"+44 2.3432E+Oz Z.311 E+ZS 9.*'I 43.94I
13 ~z .37534 .332+4 .3722+O5 ;S..ZS 43G.11

13 3.1 227+4 .937+Z0 ""42V5.23 48.830
4 i ~ I 9154 *~ ~ Z+S is 4393

Laast-souares !1no for' i acaelta-TI'

a 7.SGZ1S+-*

N 01E: f4. data acints wars stored in *#!-a ALI

NCTE: 14. X-Y pairs were stored in datba ? .Ila
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1,4O0IS: Proora name :~ ORPALL.
wata taken ty . MEYER
This analysis~ done on fil_ MI7S
This analysis inclucas ana-ftn affac t
Thorm'al cnductivityZ ::.a X

Wut3Id6 diamehter, Co 13;1.88 (~mml)
This analysis uses trte W^UAR'1 T14RMIGETER readings

U3LnQ HE.ATEX i~nsert inSICS tUb6
Tun nhanczmant :RESTANGULAR FINN*"4 TUBE

mu a ~tartal : ALWITtNUtM

Pressure cnd!I.on :VAC w
li4Ussal" tmiaory~ is used far~ Ho

C! (~tasad an Psttjkhov-P~zoov) = .Sass
Alaon& tasad on 'Nusselt, Crdafl I=f.3vJ'Z

ErnmancavmeTt (4;.-

Cata VWi UO Ho T

: .8 .63,E+44Z 1.8 4 E +0 J.SZS2_+OS ls.7610 48.aa
131 4 Q8.JJ

i ua -r '.,..a . A, -,7S+ZS33) 48.7s

s 2-24. 1.AeE4e4 l.3S4E+O'* 3.24,3E+S 16.81 4-8.81
S 17'a 3.3Z:7S+C~ 331754 IQ 201Z. , 9a E -FaS 14.441 43.60

7 ..1 8.4E +;D3 Z . SZE+0 Z,. 46 3SE+-uS iS .4- .13.01
.. ~ a.13E0 Z.8E4 .4saE4Zs ;1.3^u .8.22

9 1.70 3. ZSE + 3, i.317E4S+4 Z.7'36E*85 1858 .8.

9 4.( 8 E * 0 ." ;w i Z 4 +O -t . U.J.0O

* - a. - ~ ^.4sf

a.azIS J.4 ,* a -s-

a 3.73t3E+44
b 7.SZIOIE-O

NOTIE: 14 data points wiere stored i.n fllo AL7S

NOE:! X-Y par were stored in data file
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NOTE: Program name : ORPALL

cata taxen Qy : MEYER
This analysis cone on file : ALS
This anaLysis includes and-fin affect
Thermal conductivity 231.3 tw/i'.K,
inside diameter, 01 Q I.70 (mm)

Outside diameter, Ao 13.8$ tmm
This analysLs use the QUARTZ THERMOMETER readiLn•
Modified Pstukhov-Pooov coefficient W002
Using SEATEX insert inside tute
Tute Ennancesmnt : RECTANGULAR FINNEZ TUBE
Tute material : ALUMIMS,
Pressure condition : VACUUM
Nussalt tnaory is used for Ho

Ci (based on Pstukhov-Pooov) = Z.7301
Alona (basaa an Nusselt (TdalW)=122
nnmancement f4 2 .31
Enhancement (OeL-T) S 2?

cata VW U0 Ho Tcf T3

4.37 3.882003 K3000+4 224E+S :.98 43.77
z. 3.g.83 SAF = IIS ESI+O Z.0 48

3 3.30 3.SA8M+13 !.ZZS644÷ Z.8716+IS ZI.SS 43.72
4 2.77 8.39SQ003 i.3362+04 2.7S2E+ZS zz.S7 43.68
S Z.24 80.36.003 K.3462. SE+ OS ;.T1 8 13.4.3 43.60
6 t.72 7.SStE+03 ;.0320+04 2.&3SE+W5 17.SZ MS.S8
7 W7 7.32SE÷+03 K.0SE1 ZM WS WA.S6 48.67
8 W.7 7.060863 ;.385E04A Z.Z;8646 14.714 :.72
S ;.70 8.0330013 1.338004 Z..4812+S 17.7S 48.8;
it 2.24. 30S46003 1.362+64 .S442*S WAS6 48.71
ii 2.77 8.897003 !.3180044 .7SZ++OS 01.02 48.S,

S 3.3 9.2:7003 .00.•' 4 Z.391t+Z5 22M 43.38
Q3 3.84 3.4.17003 i.237644 :.S33:E+S :2 *73 43.32
V4 4.37 3.6000.3 W780644 Z.388245 Z3.3S W8.S

Least-souarea Line for 4 aodeLta-T7
a a 2.8S30+04
b U 7.A 6-41

NOTE: 14 data points were stored in fila ALS

NOTE: Q4 X-Y pairs were stored in data fKle
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?4CTS: Prooram am * CaRPALL
Cata taken y : EYER
This analiy3i3 do~neo fril :U ALSIM

!san~alysis includes and-fin affect
rinarrmal concuztwitty K (W.K

This analysis usas tna QUARTZ THERt¶OMETER readi.ngs
M~odi.fied Patuknav-p~ocov 0i~~n
Using HEATM-X tinsrt inside tube

Tube Er~mancement wMOT i I %
tube material ALJf¶IN1 UtA
Pressure cndt-.-r, V AU~

Nsa t-naory i~s used for Ho

%~ ",asaa or PsukAhv-P~ov~

AJzna '% (Oased on musaal "~ = a

ýýnancarmert O
Enflancemeer: ~C~to

Wata U Uo Q 'ca, Ts
m/3" 4 -- K %0, `2-K; (W1 ^' I1\Co

34 S+ ;Y? j -4f±,rna

6 278E+04E+~ '26 .J +84s i'.86 .43.So

i 17 6.4wGSE+T.V a I.SEo 43.6:

9 .7 S.S3S+vj .20e+0 Z.ISE+S 2.: Z 4-18.37

* . 2.77 7.;E0 *a:43E+04 Z'.Vl~sa6 ::a ."

t L .320E+03i 1 .213+0 /.447E+0S '6'j 4 '8 .6S4
:sai+0 1a'v~o .1 .*ý '2.6'

8..~ 3.1S4j S.37SE03 ":.43GE+QS ::.22 _3.7Z

s.ast-S~uaras Li.ne *fr 14a vs 4 curv&:

L&Ws-sauarss line for Q a~dailta-Itb
a 1-21z4318~E+4

b 71.9021E-a¶

NOTE: t4 data points ware stored in ?Ila ALSM1F

NOTE: :4 X-Y oaIrs wars stored in data file
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NOTE: Proralm name : ORPALL
Data taxan by : MEYR
This anaLysis done on file : ALISA
This ana•Lyss incLudes and-fin affect
Thermal .conuc~tivity z Z31%.3 WAY,'•K
!Nsiaadi }ameter, 0i S 12.72 tmml,

Outside diamehter, Do S 0.33 ami''
This analysis uses tha QUARTZ THERMOMETER raadu•ns
Modified Pstuxr.ov-Popov coefficieMnt V 2.
Using HETEX insert i.nside tabt
Tote Enhancemren : RECTANGULAR FPNE3 TUBE
Tuda m•aaria! : ALUMINUV'
Pressure condi..ion : ATMOSPHERIC
Nusse.• theory is used for Ho

C1 Wase or' Patuhrmov-popov) z.6837
Aloha (0asad on, Nussalt (Tdal;) 132
Ennancement tq) :.S.7
Enhancemeant KDal~-T)z=

Data Wu Uo Ho QOp Tef Ts
%m (• s; (•/m^Z - K I ; 'I,, m -, W /I.,q• (C) CC,

z 3.9z 1.0710+•4 + .44SE+I KO.,SSE+,?S z.S. 1,.0?-

3J 3.23 1.426044 Z.49400! 1.28200S &,A.Z ioY'6.•

4 W ;0~40+04 :.S44E0C4 1.3W6E6 Z3.st KKK1
S z.,. ;.246E04. 2.077004 4 .3 14E,-S Wit 12.
S INS W30E4. Z.V.6E÷4. 3.393SSS 3i.43 3 6.36
7 1.16 S.AS N 3 Z..2230E0.4 7..34E+AS Z4.27 92.24
B W.S 9.46003+ Z.+IIE 7.32SE44AS 24.3 WAS
S INS W2200E~4 20656004 8.423400S WAS I?2.38

;3 Z2 .2144.04 2.SaE+04 3.3tE4S M.IS~ 9S.3
Ii 2.75 1AV2E044 Z.4.5553 S.S38E'S 33.7s 3'3.S"

307:1 •% i~os.n 04 Z.4900 ;.20008 zznS ?%SALT

3 .80 ;A46GE+04 Z..460+0 K3SSEPS 44.43 is.32
It 4.34 1.535544 Z.41304 !.02006 .4 528

Least-sauares line for' q amieta-T0
a 5.AG55544.

A4TS: It data points wiere storan in file AW5A

NOTE: 14 X-Y pairs wers stored in data file
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14CTE: Program name :ORPALL
Wata taken ty : MiEYER
This analysis done on file :ALIý"ZA
This analysis i~ncludes anda-fin affect
Thermal conuctitvity 263, .8 1WO/m.K I
Inside diameter, C! 2 11 1 mm
uutside diameter , Co 17.*32 mm)
This analysi~s uses the GUAR11Z THERMICIIETER readings
Mlodified PaUkov-pozov coeff~kir.cat

UsinG MEATEX insert inside tube
Tube Enhan~cement 1ECTA1N4GULAR F'ý1N?4EZ 71.8r
Tube material ALM ,4

-Pressure condition ATMOSPHER"CO
NuIselt theory is used for Ho

%* '(Uaed on Patukflov-Pooov) :.Sf37
Alana (tased an Nusselt CTdal)f 2 LSU3

Ennaflceman tu (4) AS

Enhancement (Ceul-T) 3S 11311

Wata vw Uo Ho Wri Is

Z .318 LZSSE+064 _2.SSS44 '3.8SSE+0S It".8 all
ft 24E44 Z.2"OE444 .13a 45.67 1 to.2 3

3.23 1IT~,* I30~_ .ZEO 4 t t.1

o &.63 11 .2Z7E+64 f. .86; S+04 7.7345445 37S.So 39.52
1.1 .346 .V 9.4

8I.S 3.24.8E4Q3 2.6. S JPS4C 6 .8285446O ZS.3 ; Co. Z
S .13+4 2.3232E+04 8.6535"+05 38.75D 3a.32

t6+0 q9993"

to~~, .' 3 . (

1. 3..3 .SSE+64 2.1335+04 3.7368+S :5.58 100 .1

J4 134 1 .v4414 Z.8S6A 1W8654 3.53 18.

a 55.3544 .4

b 7.60115-01

64CTE: I4 data points were stored in file ALI2SA

NOTE: 14. X-Y oairs were stored in data file
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NT:Proqrsm name OGRFALL.
Cate taken by:MEE
This analyisis done on' 161a ALIA
This analysis includes and-ftn affec~t
Thermal conductivity %Z 3 .8 wJi'.K
tnside diame.ter, Cl Z7 ~
Outside diameter. Wo 3. 3'%,A
This 3naiYSIS Uses tne CQUART Z'THRMVIETER rsadings
modified Petukhov-Pooov Coaefician% -
UsinG HEATIEX Insert insita tube
.Futa Enharnceren't RECTAIN6ULAR FItNNE-3 TUSE
Tube materialLt¶N¶f
Pressurs condition :ATMOSPHER1IC
Nusaalt tfl&ory 13 use' fzr No

C.: 'oased on Pstuknov-Popo'fl S 0ýZV
Aloha ttased on Mussailt (%Tdal))= i.22
Enhancemuent (ka " 2. 'IS
!nhancemenvt Ca! -T .Z

.jata Vi Ho .. .

J~ J..ZS .33.2s+4 Z .37S E +0 1.2!ZS+IS 4Z. S to.b

:.32'7,E044 .41 i E+f8 2.SISE+ZS .3
1. ".+04.44 2.4L'e444 S.qS7E40S VG.S7, lo.

a I.Sa .I 38E+Q 0 4". 3,3E+04 S.tsze+012 31 . 23 n02I
7 1.16 ;.zQGE+Q4 Z.2SE+146 1,.I V2E4+S Z1.90~ I II s

a 1.IS 1 ;.22.E4.1 Z.8SZE+IA 7. i i TES Z*4.2S 99.92
2 ., iSE+04 Z.46 4E+0A. 3J!S"&E+S JZ2 ~b
13 ~ t..E+84 Z.SEQ .8E4 63 33
It .6 Z~6. Z~t44 .:54 33.83, 3

~~.zCQ 33.305534*q n

4. nji S.4g18u* S.I;SE gugCS~q O.

Least-squarss !Ina for' q &*sda!14a-T~b
a S .ZSZ3444ID

NOTE: 4, data points wers stored in fi.le ALIA

N4OTE 1W1 X-Y pairs wars storsa in data *91le
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NOTE: Program nam~e : CRPALL
OCata %akein cy 1"EE
This analysis done on file :AL71SA
This analysis includes and-fin effeCt
Thermal conductivVi. =.3

aiamoe tar ee, Ct 27 r
"Utsitdi diam~eter. Go t 1388(n~
This anal.jits U3e3 the WGUARTZ 'THERMCMETSR readings
M'odified Pt-UxOv-Po~v coofatlCLI1t
Ust3in HEA7EX ~insaer' irnstw~ tuce
Tub~e Enhancement : RE.. ACua..AR~VN TOUBE

-ut m~ atertal : ALUJ11NUM
Pres3ur* condi~tion ATMICSPIHERIC
Mus~sel* theory 13 used for Ho

C,& %asod an Pati.xhov-poaov) M .7S
Alzna ttasaed an Nusselt C(Tdeil)) % 1.1.394

Enhancei'ew t
Enhnaycem'ent OLT 7

Wata vJW UO Ho W; Tclf Is

t. .23SE+04. .7S44 .S'31E+S 54.84 '38.9i

S .84i :.2 17E+04. 1.733E+06-1 '3.4!ZE+QS 13,2.119 M
33.9

4 .7 4E+04 1.386E+434 3.801E+IS 47.'33 M~.17
i . A .*SEt44 i.87sz+6ft. S.ZsiE+QS 44.14, '3.78

9 1.5 I 2,3E+03 Z.1S8E4.4 S.SSSE44-s ~32.' 0110 .22.

8 .1 3.9ZE+2*4 2-il.SE+08 S .a'_SIS 'JAI. i3 1 Obe
93 16 1.3E4c4 1.94ScE4ft 7.694E4ZS ~3.S7 39.33

?i .Is !.6E~ .337E+04 3.SSZE+OS 4.8 ''.

IZ 3.i3 :.:8SE+0± 1.811Eic, 3.1.49E+S S 23.2

Least.-squares line ?Or Q ~elaT
a 4.93E8

* 7.0SSE-of

NOTE: ;4 data points were stared in fIle AL"7SA

14OTE: t4 X-Y pairs wers stored in data file
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NOEt: Program~ name : ORPALL.
Data taken by MEYER
rhis analysis don* on lft!* ALSA
This analysis tnctucaa ond-fin Vfaat
Thermal cncrativt' m 231.8 (,vom.Ki
Inatca diameter, 016 = .72 '0m
Cutsszae dnammeter, Do v t p. 33 ý '

'$hi an).Vss ues the CAUW7R$ THE'~RMCMETE readingr~s
uModified Psuxho-pooov coal, 11ci.ent 6 S
U1srnQ HEATEX tnaart inside tube
luca Enh~anceme~nt :RETANGULAR FINONEDII UE-
ltha materi~al A LU1 I I NU"M
Pressure cnai~ion :ATflCSPN4ERZC0
Nussett thoory is 'used flzr Ho

Col ttazad on Pfituknov-Pooov) 4-

Aloha (based on Nussalt 1 U.'!
Enhtanceme~nt. '%o,
Ennanceaant tOeI-T) N

Data vW MCI 1cf T

46 . -6 9.937E+04 .2*73E04 7. Sr S5S 3.4.9 122.2
3."3 9372+03 1.z"Is114'8138S+OS 971.4.1 33.173

X1 1.6937SE+041 i:.3E4+94 S.9429+6S 1S."s 99.81
as rQE+G 3A -1SE4o 6.a5744 S.+3.7

; ."do a a2 +3 t1 ZE 6.04V382+S I 1~*9 3.3

-1. r .4EQ 3.273 031. z
3 1.17 7.63gE+6 :. AI&+4~ 7.343944S r,.8. 35 2.314

14 :' -.s's# d1.`7as+Qd4 "I.S3794S S7.3s "2.0

Least-souars, line for o aodalta-'T-

b * 7.SSME44i

NOTIE: 14. data points waer* stored in file* ALSA

NGCrE: 1,4 X-Y oairs war& s-tored 'in uata 1111a
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NOCTE: Pro~rapm nam~e ORPALL.
C0ata tatken tv : MEYSI
Thi analii113 dOne On f~lS : LSMTA
This analysisi ncludesa nd-fin~ offe3c.
Thermal cancductl,.vlt~v ~ ZL 4r~

Cutstaa nartater . Co =13.33 't m m

This analyvis uses the GUARTIZ THERflCMETER readincs
"?1od1f~lad pstukflov-pozov ý.S S
Usi3no HEATEX .naert Inside t,"t
Tube SEflancaement S"MCATH TUSE
Tube matari.al :AO&M7 44u

Pressurs Znilt*orr : A TIM1SPHER 6C.

NUsaailt theory is usaud 11,,r Ao

C~ (ase~on Pstuknov-POCOV) 23~
Alpha (based on mus~alt t~rdalfl ZA
Srnnancament to! 1.1
Ennancemant \We!-T

Cat a V.W Uo Ho f 'T

: .: 7.BZSE+C3J 9.402SE+03 S.OSSE+CS 33.7 293.33
3 .:3 7.S3SE+TVZ S3SJE0 . 01+C 8.ICE+6S a621.i31 99.8s

S 7 27 73 13E+133 3 .8335443JV S.3 8;E+OS 62.S Z 0- 0
7.3 7. ZE*C3j i.TQZS+C4 S .7Z 4 ;09ga .0

a 1.72 S.38S66443 i.dZZE+U4 S.4M8645 S3.21 33.837
- 1.17 G4V#+Va

3 .72 SME+03 G3344.3336 .006 139.8s
3 .8 S.8EC1..8i4 SV 1-7.44 'S . 18 9.8S

is333 713 6 4 3.8322 +.10 S.81854E+CS3 382
1: 2.7 7 . ~E + 3 .8"2364 6 .E + ,45 63.37+Q 23.93

OZ: ? .SGS8ZV44 or..7866+C S.8336+0S :;

Lbast-Squaras '-ins for Ho vs q curve:

tNtarcopt x .2002E663

tLaazt-squarss lin& for q a adalta-It~
a a ".'P"4S+'
m "9 7.OINE-V

30OTE: 14 data points w~ar% storsd in 'Ite ASMPTA

NOTE: f4 X-Y pairs ware stored in data fila
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N4CTZ: Program name * %RPALL
Oata talkan by : MEYER
This analysis done on file : CNI4
This analysis includes and-fLn affect

Thermal conIauCtivity ".., 1W.K,
tnslcie diam~eter, Ci. .~~~
Outside diameter, Co = 13.38 (mm,
This anaLyss uses the CdJARTZ THER,"CMETER readings
Modifiad Ptuknov-Poov zoaff.:cioi = Z.S
Using HEATEX insert inside tune
Tube Enhance•aent : RECAN1GULAR FtEC TUBE
Tube materi~al 0 3/ 1241"W C/IN' A

Pressurer c~onion VACUUM
Nusset. theory is used for Ho

C1 (tased on Pstukrov-pzcov) .4413
Alona (based or ussalt ,%61);= ;.1136
Enh.%ncamant (;4 ',I 3 ,
Ennancoment (el-T) I C.33

Cata VJ Uo Ho Ti
: (iw/, (wi''s-K (W/mhZ-K (W/n.'"'

3 4.36 3.48215w03 1.4.7324¢ ..TS0E÷S :'.43 43.43

2 Z.Z.3 -.S1E+÷3 I.S462E+'" Z..7S4E÷0S 13.94 4-3.S1

11 2.77 8.S72E÷C3 1.•SZE+• 2.6;4E÷:S :7.16 48.56

IS 7 S.2 8'31SE4 a 3' 1.5E4 26.277E*aS ZS

7 :.7 S.3EQ 1 .733s214.Z Z.v37,E+CS 111.71 488
3 !.17 G..•83 SE+43 1.7E+0 2.2 EE÷+S 11.7: ,.3.36

S 1 7~ .7 6E4 3 1 33 E+04 1.3S4~ .4 2 78. 3
1~~ 2.+O i8E0 -352SE+16# 2.5 -66 S +53 OS.7

GO~ .6E+Q. ;.545E+O64 26. "1 2. + S :'.67 a8.7

13 3.833.3 S. S; i.5465+064 e.3Se+0S 19.6. 438
:4 436 3526563 14.72+64. .3'345+0S z3s 4.3.3"

Least-sauarss Line for 4 = aodaLta-T-b
a 3.140655E.
b 7.5 san-61

NOTE: 14 data polnts were stored tn file CNIS

NOTE: 14 X-Y pairs wer% stored in data file
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Nr: Pr'ogram name : CRPALL.
Wata taken ty : MEYSI

rhis analysis donle an file :C.4
7his analysi~s i.ncludes erid-i'tf affect
Thermval zonuctivity WS S.3 "jW/ 4 I

"Ih1is analysis3 uses tne AWARNTZ TER?1CE7S reatin;s
-- 3uano -P dopov zof- iln .'.-:22.1,

Us~nQ HEATSX inse~rt. iinsla tube
IUD& Enflancemant RFCA"ArIs6 . GULAR~ F"IT4 TUSS
uza mqaterial IQ~Ce

Prsssura cond1t' or VC'un
N4ussalt~ t-aory is3 used for Ho

%A. ttaed or, Ptuhov-P§oco) = 371
Alone '%Zasad on 4usaellt C(Tdel) - .ZSGS

Enhan~cement (4;.4Z

Enh~ancem~ent %06 1, 310

Wat'a JW Ho Ic Ts

4.v36+T Z,;'34 s.3~~ .S4E+0s ;'3.86 431

.3 31 8. 9S8F+.' VE40 :3Z4Q "".6aE44s i'3.ZS I.3.~
3 3V3 .SSIE+OQ -. SISE+QS .41 8S1

.0 1z? a.iza 114.0 .13.48
23 '.'. .3j"DE+03 1.7 4 2.102E44S Is8.301 .48.4s

72.' 7. 32:E+24 1. VSE044 Z .SZ s+ 14 .s73 435O

9 .3ZE443 SO8I4 Z3E~ 63 34

13 3.8 33 .230S+043 i 2AOZ76464- !.722E+oS 13A~7 148. S
4. 4.36 '3.~SIE+04 ;.4Z6e4S64 12.757V, +a 13.62S ,.a . a

L&Ws-souares, Line for q a~delta-1tb

NOTE: 24 data points were stored in file 'CO641

NOE ' X-Y pairs were 3storad in data fItle
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N4CTE: Proqrarm nam~e : WALL
Ovata taken ty MiEYER
his analyis~, done on file C4
Thi analy~sis includes end-fln affect

Outside diameter, o S 13.33 %,W4'1ri
Thi's analysis u~ses the QUJART: 1~1E~ rsadin~

moife Patukhov-pooov coaiftI.lem . ot
Using HEATSX insert inside Ahuba
Tuna Ennancatment REC"IANGULAR FTNIN'E ;jB

Tba, matarsal go / "I 'CU/ N
Pressura condtiton VJAC''U ,I1

Nui~As&14 t~8ris used for Ho

tlw,44da~n Patukmiov-POOOV) i.14,96
Al na ( 1,a s a on Squ a 41,t we 'U4 I
snflancam'ant toI'A 3 S*

Ennancemant (Oal-IN .23,

C.a a " ass+ 103 +0 E ,a 3%

S.Ssss+03 :.64*E+zQ 1~3.68 48.S4
4 .7 8.38SE+V4, %-jSE.+Q4 :.S`7'E+os 18. so 43.SS

6 1.~76E6 .4E+OS
7 .7 S.786E244 s iS7s+UA Z.ASSE4eS "'J.SS .13.3t
8 S.1 S.3~~4 i.S7544 ..6E6 VSSZ 3.314
S .72 71.685E+63 2682~. Z. r8S4-S IS. 37 4.

41 Z .77 a .ssaEi4 31.41 1,E+Z Z.81154s~o 18.s1 43.37
5- 3.30 3.S6o' o1 .4E+04 Z.712-45445 ;S.S4 43

13 3.83 S 137 E+853 I LSA42.313+40Z-3" iOE+Q 13416 -'.3

Loast-squarss line, for i3 a
a ' .3348E+01

14T:14. data points Mwt'O stored in Ola, 1C.1477SR

44'r T:4[ X-Y pairs wa~r* storsa in data file
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lvx T S Provam~ nardia: ORPAU..

This analysis done on f !10 CN's
This analy~sisa includea end-11,rn affact

rniediam'atar, Ci "mm r')
Outidet a iamaltar, Oo 113.38 ýml
%This ana:lfsts uses th~e CIUART HROMS"~ readinos

Ua~rng HEA rEX insert ins!Za t*"a
Tute Enhancement RECTANG6ULAR FNNEZ1*0 TUSE
rut matartal 3101 CU/NIo~ 4

Prsssura znai,ý on VJACUUMl
N"Ussalt tneory isa used f?5r Ho

Cl ttasad on PSItUkhov-Pooov) .74
Aloha (Cesad on tNusaelt4 Tdeal 2% ~. 9487
Ennancement %Q) 3
Enmancem'ent I'D& 1-T)17

Oat'a 1Ji1  T.?H T3

4 .3.7 8.z3SE+O'j 1.694E+04 Z.GS3SE+S ZZ.2 43.24.

V P-a 3. 1.S68E+CJ3 1. ZS3"E+O "I S8ZSas.t~ 1.2 8
IAU-3 .., -,

o .72 I 7. i73E+031 1.30SE4,Z4 2ZZ:3IE+S -I.o S:.SZ

S ~ ~ S Z.1 6.E6+ 03 13430 Z.3oWSE+QS 4S 4a3
S~~~~~~~~ 1.7 7.8740 1.730. ~ E'S .4 48.3S

1 .. 7.2S13+03, .Z'ED 26 4. Z.I9E+ZS I8. d J -
* . a ~ ~, 0... a..V.

1.61S03 .?S or ., .T, I

Ift 0.7; 3.3JI(773+T i.;33444 Z 2.6e 43345 '6 4.8.8

Least-sauares line for q aodetta-Ti-

NOTE: ;4. data poinTts w.ere 3torld in, fils CNs

14OTE: :4 X-Y pairs waer% storad in data fila
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NOTE: Program name : ORPALL
cata taken zy : MEYER
This analyis Cora on file : CNISA

This anaLysis includes and-fin affect

Thermal conducttvit'y SS. .

inside diame~ter, 0Ia 12.72 W~;)
Outside diameter, Co - Q3.38 (m•)
This analysis uses the GU8RTZ THERMOMETER readings

modified Pstukhov-Po~ov coefficient 2.000

Using HEATEX insert inside tute
TWe Enhancement : RECTANGULAR FINNEC TU8SE

We~b material : go/i 0/01

Pressure condition : ATMOSPHERIC
Nusaalt tneory-Is used for Ho

W~(ased on Pstukno',-Popo') 3.071,
Alpha (based an Nusal 'del;) 1.S523
Enhancement. Q)
Enhancemant (OSa-T) = t.827

Cata Vw Uo Ho O Tcf Q
€ .413) 4 / 2 - K {W 0m -Z- K "jIm 12 1 C) 1 C1

. 1.E 3.283E00 I .7SSE+W W.7EE÷S W3.SS 1W.IS

3• 3.28 :.:tE+•1 :.3201E04 3.2t3E+S 0.68 99.21'P 44.2 237

2.7Z I.060E+04 Z.IaT3 04 8.7172E÷S 3 t3.3 S3.83

i .63 !.21104 24435444 7.640855 3S.45 33.88

7 WS1 3.30S443 2.306544 6.7'3154S 23.4.4. 403.2

8 W.S6 8.SG2E+43 2.4770+04 6.761-005 235.6 S.2

3 i.SS 3.3;SE+Z Z.130244 7.551544 36.28 00 .28

it 2.22 1.070044 VOSS3EM S.235244S Z3.39 120.24.

Ii 2.75 IMAM44 .2.42>04A 3.7175445 AM 0014~

12 3.23 W.302+04. 2.336EW0 S.138544 4.4..7S 133.2

13 3.81 1.217E+Q4 2.321E÷A 3.3ES 46.34 t33.17

VA 1.34 I.21+30 t .97SES4A 3.S0E3+S 4.8.06 020 :

Least-squarei line for q a We•dlt-Ta-
a S.1647>04T

NOTE: 14 data points were stored in fiLe CNISA

NOTE: 14 X-Y pairs waer stored in data file
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INC OS Progra name :~~ ORPALt.
Cata taken t~yMER
Thi~s analysis don a on f iI Cd " 1 A
This analysis3 includes and-fin allfact
Therm~al Cncuct~vtty SS.v ""'r *

Inaids diameter, C~i =12.713 Irmm
Outside diameter, Cjo 13.83 (mm;
This analysis uses the QAJARTZ THERMOMIETER rsadin~s
Modified PUC-P 'coeff'i.cLernt
Uising HEATEX insert insioa tube
Tube Snhancement :RECrTANGIULAR FA'142 TIUME

Iruza material. :C1 UN
Prsssure rinditiora: ATICPHERA"C
Nussal"t theory is used for Ho

C. (%naaad on Peuko~v-Popo-s Z;6
A 1;na '%-Ias ad on 'N'u t se1 1,'r,,,1 37 4
Snhancement '%qi 1.8393
Enhancement (%C1sl -i T.814.

'Cata V1 UO Ho %op Ic

I.3 1.8E4 64M+220 8.734.E+eS SQ.72 i O 0
. a I8 t a.S 3E 4-04 1 S(SE4.04 8.2z2S+0S Qa.so 39.98
3 3. 8 1 0388 44 .7:7 404 1.01 38408 4.4 4. Is : 2 .0 9

5 .... 2.8368433 1.77S E+ a 7.Z3*3E445 4:.02 39.SS

o ~~ ~ ~ S8+8 326 .. 4044 S.284 1.85304 a', 2
a 1.l6 8.0652+031 :1.6868+o4. G.SG688.6 316.3 d :IN.0as

2 1I.S3 3. 24022+V0 1.84.7844 S.7248448 '.1%.73 :T 60

11 .7S .17+4 1.783E+01 7.117722445 ". 46 100. as
120 3.21?3 1.05'4E+04 1 .762 3 .0342"E44 48. S7 33. 33
V. 3.3 Z.7740 !4'-I 7 .531 22.9s

4 .7502-P .pm VE6

N4OTIE W14 data point61s were, stored in file CONIA

NOTS: !'P X-'( ;airs 4ors stored in data fItlo
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NOTE: ProoraIm name ORPALL
CGata takon ty ; M'EYER
This analysis dons on fil1e :C,447SAR
This analysis Includes end-fir, affect,
Therm'al Cduc+ i.vi I.. ss5.3, 1% ,j , )
inside diamqeter, 01" *i 1%7 " q m
Outside adiam'e7.er CO' 33 1% 88 1
This analysis uses tie QUARTZ THERV¶CETIER reading&..
M1odi.fied Pstuxnov-popo\' coeffi.cient~ 2r a

Tube Enhancem'ent RECTAN4GULAR FP 4U5I0 TUSE
IThbe m'aterial 30/i1 t412
Pressure condit ion AThCSPHERt1C.
Nussalt theory is used for Ho

C±". ("Wased on Patuknov-Pooov) Z2.94311
Alpha Itasat o n Nussa aa1t ~Ta 1 9'

Ennancom'ent (OeL-T) I .2

0a t.a W tUO Ho Cp Tall is
"m/l /1% ((Z -K Wf) 26/ ~-K X Ur (CO (C)

4.35 ~ 354~4 LSS+84 .18E44 '3.2 ss.93
J. 3.Z 42MZE+24, I.saia+64 17.383e~9S sSZ SS.83

.. 3. Z9 :.3 41E+04 1.64SE+o4 7.366s445 47.31 '3S.55
'3% .P7C4~r 4P -F b .-P-

4 .0 9.11 -s+0 1.534J Z32.C_+O *. Q1

6 1.33 8.6675463' i.533e+04 3.8653546 'lo 3.4 6.

8 126 7.331563 .65 6.648544 .01.681 62

t 2.3 '3I.24354 i .S6CE*A 7 i 8Si43+S Z, *1..*3 13s34.33,
*3 3 S.76 A".655+6 1.S2354 . a' 6 a62 7Q3.+36

-.3 :2.3E+2z6 1.64,12+04 7.336545+O -8.28 3*3.37
13 3.8 I.IIE.04 t.vole+94 "1.3r"55445 S3.AS 166.38

0 4.34 : .2.23E+O64 ZS4544 `7.3362445 S; .30 33.82

Laast-squar~s line for 4 a~d&1ta-T~t
a *4.726365S+o4

NOTEE: 14 data points were stored in f Ila CNOMAR

NOTE: 14* X-Y pairs were stored in data file

100



.4,OTE: Program~ name :ORPALL
Cets takan bi : MEYER
This analysia done on file : CNSA
This analysis InClUdGS Ond-fin 0affct
Therm'al conduczivity SS. ~4I4~
Inside dU'am'etar, C1 2 "a7 4 MIf
Outside diaiqeter, 'Co 21.8 'u)
This anallysis uses the ^WAR`T~ THEPRi'CETZR. readings
mod'."ifie ?etukhov-po~oov coefficient SZN
Using HEATEX insert minsie tube
lube Ennancameant RECTPAN4UA V NE IM4r61I E
"Atob material %.V11 IU/Ni
Pr~essur~e codtlon ATIICSPI4ERIC'
Ntus~alt theory !3 used for' Ho

C1 ttasod an Patukhov-Pocov) U2 4. J, Z
Alpha '%based On PAUsselt, ITC41)) = 1.12ZS7o
enhancement (q) a .S
Ennancam'ent (OaP) a 14

Cata VUa Wo Ho G; lf T3

S.3 It"?.33E+03 I*760 S.828E+IS sz I. 0 31 2.8t
34.3 .41,-IS .73 2S.336

& &.- 3. vzES+6 .3714E+9W4 6.367C'S 4.7 28
S !.72 7. 8423E+Q3 :.43: E+04. S.Z:!4E4.S 413 .4 10. Is

7 1.17 023.:0 1.GE+i S.8E+S 436.31 :00-3S
8 1.17 7%.?"-&S.03 1.SS8E+0486 EO 6.7 "1
' 1.0 .873"E+CQ 1.44t7E+04 S .2 4E44S -1.023 93.20

:0 Z,.3 8.31SE+03 ;.3869E+G1 6. 82.E +,s 476.483 ize.22

11. 76 a. 889E+0.1 .3821E+04 S.8606+08 0S101
~~3.269 S.17E+03 ;.413F+04 71.210E448 S;.7S 100.06

13 3 .826 S.286+13 I .37SE+04. 7.3921E6S0 s53. 22.84
14 4.36 3.4776E+03 I-1.21E04, "1.SzzS+QS 54.88 S9.74

Least-sau~arts Lino for q a~deita-T~b
a u3.6742S+64
t3 7.SSem-01

NOTE: t14 dat'a point3 were stared in 'Ile& CNSA

NOTE: 14 X-Y pairs war% stared in data fl-l
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NOCTE: program' namqe !CRPALL
Cata taken ty : MEYER
This analysis done an file :SSIS
This analysis inciudes erna-fir affect
Thari'ai cofldu.ctivIty 2 4*
Insidle diameter, 01 Z.7a (mm,~

outside& diame&ter. Co 2. "3*3 As' pk

This analysis uses trna GUART 7-THER?1C? ET ER rsadInQs

Mocifled stukhov-popov Coefficient ?S

Using HSATEX insar'6ns~ tute
lute EnhancIement RETANGULAR 711-41-1,0 TUBE

Tute material :STA 1N4LESS-S TEEL
Pressure condition V UAC U U 1
94Ussalt tneory is used flor Ho

%04 ttasad on PStUkflov-Po00V) 1.9481

A!Pha (MaSed on NUsselt (%Tuel I1 26. 771SS
EnarcamaWL tq) 43A

Ennancament 1% 6eL1- T As"7

CUats Vw Uo Ho Tc" is

S ..8 .7 S82E+13J 1.67"15 E~ + .81SE445 16.38 ~.

~ ' ~' S.SSE6 61 86

A 2.77 S.v E7+1 1.28SEZ40 1 .7!65466 IS.7 '1 8.80A

16 1Z ..654 I ?;E+64 1.642E+6S ; .111 48.60

" M 1.2 485754+183 1.12SE+041 1.5"M+05 1 3j.6 " 4P.8"'

7'l .1 .1 4It e+037 .;+4 .3965446 2141 436

J .6 4.522 :.;323E+4 .s'Z362*6S 1-3.82 4s.3.
S. .~ 01E4 .3±i+2 i.644246 1.ZI 2.

13 3.8- S. 32SE433 i634 1.8046 6.6 486
14 14.37 .397E04v ;*T"373540" 1.883E+O616. 133

Least-squares !Ina for q aodalta-T~t
a S.13 0546
b SOME6-3

640TE: 114. data points were storsd in fIj's SSIS

NOTE: 14 X-Y ;airs wars stared in data file
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NCTE: Program namre ; RPALL
Cata taken by . MEYCR
Thi~s anal~ysis done on fill 2SS
This analysis includae and-fin affect
Thermial Cnductivity 1 4 .'S 'W'/mvi I

rmsi. %Ijametet, Cut feZ.7 (mm')
%utwide diam'eter, Co 1 23.3 a a( m
This analysis uses the 'QUARTZ THERMOMETEI readings
Mlodified Patukhv.-POOO-4 coefficient 2

Using HEATEX insart inside tub*

Tube Enhancemenrt RECTANGULAR FtINNE6 TU8E

Tube • aterial STA11LESS-STE.EL

Pressure conditton V'ACUUAM
NusseUt theory is used for Ho -

Ci Iwasd on P= Inov-Poov . z
Alpha (based on 3*433alt Tdal) ) u .1SI
Ennancement (W) .aS4

Ennancemient CL-t) s ,365

Oata Vw Uo Ho Tcf Ts
* (ml/•) /Wm'-K) (WI/•*..-) (Wj'Z}AC)•%

,4.3 6.130'4S. I.1I4E+6 2.8285+45 I6.SS 43.9i

S 3.83 .S.26ZE+C3 t.087E+04 :.766SE+S 16 . 4& 1.86

3.7. 5.364.E+041 .:21S+84 .7SE+S IS.64 I3.74

4 S 2.76 .685+V 1.12554 1.839544S 15.25 8.379

S• "..3•'" 5.4 431 2.25E+4 .6S314'E+CS . .8.93

6 ;.76 S.1 4E+43 i.1 65E+64 i.7VjZS+S 11.2s I a.93
7~ ~ 1.7 .78+03 i.ZE4 2.393E+S ii.33 48.24

2.17E+0 6.)ZEE+ .4.7E+SS I 4 .31 i 8.23

I2 2.712 5.i4ZE443 t.!StE+94 :.V33E+GS : 3. 3: 48.8S

to 2:.:d s.s4 3 1.12954 1 .-Q5.ES 14.47" 48.79

Si S.7 .7 1, 432.2 265jIZS+44 1.7695445 MIS1 43.7S

1.7 3.3 5.83544+3 1 .693E04 1 .. '#..-+S 25.9 48.72
23 3.83 6.6165443 2.;ZSE+64 ;.7#885+OS :8.13 87
14 4. 36 S .IS45v+W !L678E+U4 SV.E6+OS 16.72 3.0.1.

Least-souares line for q ~et-~
a Z.SII5E+04

NOTE: 14. data points were stored in Ifla S3

NOT4S: 24 X-Y pairs were stored in data file

103



NtOTE: Program name C ORPALL
Cata taken Dy :MEYER
This analysis done On f11 4

This analysts includes and-fn affect

Thermal conductivity a 14.3 Wm~'.x)
rinside diamator, CI !.1(m

outsica dia•ar, 0o 13.88 On)

This analysts uses tne QUARTZ THERCMMETER rtaadnms

mdifited Pstuho'w-pooov coefficient ~256
Using HEATEX insert inside tube

Tuba Enhancement : RECTANGULAR FIAWEQ TISE

Tube uatersal : STAINLESS-STEEL

Pressure codto : VACUUM
Nus•elt tneory 13 used for HO

Ci (based on Patukhov-Poov) z 20.80

Aloha Wbsed on ?4usselt Madl)) m W.SW5
Enhancement W; z W.160

Ennancemant (WL-T) % 1.118

cata Vu Uo Ho Q1 Tc* Ts

6.803203 i.7SE÷ Z. tZ4E+GS 1W.AS 43.44

3~*.S.4. S.687246 .27s244 2.SS096 5 16.48 48.82

3 3.30 6.0680043 WSS8244 2.0622445 0.86 481-.7",

4 Z.77 6.4.4E+46 1."33E+ 1.9TSE+Q5 4.97 4.3.48

S 2.v4 S.2860043 1.304E+44 1.q88E+S mi.s8 48.8s

a !.70 S.7324003 1.323E+24 1.78s24S ;Z.32 48.4.

7 1.17 SWAME40 1.4022+64 1.6170045 :1.23 40.73

t.17 S.906 1.00+0 i.S W t1.37 43.8.6

2 1.70 5.770+063 W.424004 1.7942445 133 43.72

it 2.24 6.V69823 1L3mm46 :.3860645 :.4;~ 43.46

1i Z.77 6. 342+1 1.3030064 i.3762465 Mis. 40.43

12 3.30 G-.44 6'4 1.253244 2.112+6 09.0 43.66

13 3.84 8.219203 j.2202+64 Z.0472445 IS.7 43.33

14 4.37, 6.070023 WW.2442 Z.28SEW6S 1S.76 430.6

Least-scpares Line for 4 - a.dalta-Tb

a 2035770044
b 7.56662-61

MOTE: v4 data poLnts erS stoW In file 3375

NOTE: 14 X-Y pairs wGere, stored in data file
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NOTE: Program name : ORPALL
Data taken by : M¶EYER
This analysis done on file : SSS
This analysis includes and-fain affect

iflhido diameter, Di£127 mm)
Ou-tside diametear, Do ; 13.88 (m)~
This analysis uses the QUARTZ' THERtIVIMETER readings
Modified Pstukhovq-poov coeflficient
Using HEATEX insert inside tube
Tujbe Enhancement. R EC'IANGULAR INNEO "USE
Tube material : STAtNLSSS-S3TEEL
Pressure condition : VACUUM
Nussalt. theory is used for Ho

Ci lkbasod on Potukhov-Pooov) 2% .33
Alphla (based on 64u~sol% (i'do!)) 2.3679
Enhancement (q) £ .Ze8
Snhancement (Ol-T) ' 1.19S

Ga ta Vw UO HO0 TOf Ts
(Ais) (f.Wm4Z-K; (lA4q2) cc I (C)

1 4.37 7. 284E+43 I .427+6*64 z6.l3E+6 1S.08 48.160
3.83 S7S+4 ,38+&Z2S-Q s1 33

.3 3.310 S. 7 t86+431 1.4202+04 11.@S2E+OS 2411.62 48.73
4 .77 6 .43"21+23 1 .42246S+4 1.39S4E2* 14.2 48.7

S 2.Z I 6.:856443 1.4396*64 1.32IE+GS 13 .Z1 483.48
6 t.72 S.7m6+03 i .467E604 1.787E+05 1112.18 87

7 1.17 S.2146144+31 t.5356444 I.5366+65 !0.40 43.74
3 1.17 5.14856+03 !.S7SE'64 !.GQ3E+O5 12.?S 48.68

; ."12 5.8a13+183 i .44E+64 :.800+05 1Z.13 48.63
II 4..t 6.I366+03 I ."7E+04 1.916E446 1 3 .2Z4 43.4.3

1.31+6 7 .8543 166E+05 4. 21 i8.13

.0 .38 6.573+603 I .61. 04 26EO51 87
13 3.84 8.731E+03 !.3486+0A 11.127645 16S. 631 £8.81
14. 4.31"7 1.82E6+0434 1.3646+44 2". t576,+65 16.81 4',3.68

Least-souares line for o a~at--
a Z .7460E6+4

NOTE: 1 -1 data ;oints were stored in fil L865S

NO0TE: #4 X-Y pairs wiere stored in data file
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NOCTE: Program~ name :CURPALL .YS
W&~ takan ty
'?hi.s anialysis done On fle SIS
This analY513 inciudes enc-fin affac.

Inside di:am'eter. C! ; 72 t 'Am 1

Ciaid.i amqeter~ 1o 00.8 mm 1
"This analyisS '4365 tme QUART! THERMOMETER readings

usi~ng HSATVX insert 1insida tube

ltea Ennanca'ement :REC TAN~GULAR F ININIE TUBE

Tube miateril : STAtINLESS-STEE16
prssure codto ARThOSPS4ERIC

4US3i&Lt tVhI~rY 13 US~d *zr~ Ho

ct. (used on Patukniov-popov ) a ".4384s

Alah'i (based on tNussalt (Tda~l) s ZA2363

EInanceme~nt W(a I. 11

vut V'o Ho GoTof Tis

z 383 6.4SE6843 I.Z1Ee64 S.21W4E+6S I".1.0a 100.0-4
,3 *3.3 .4E6 ..2tEC1 .243E+04 S.1"28ES+S 4!.27' SIR.83Z

~ .. 3 S.932E+03 1.4E43 .5E6S 3.0 2.36
p 

-9 -

i * 1773 6. E 4 'J' :.332E+64 4. 1 ..2E+S 3563 1j 3.ZS

a 
3.* .lEI .8Z4~..E+OS If.8S.3 3S.813

2 .3 S.99SE443 i.ZSGE+94 -47t734.0 433 .J.6

1 .Z S.Sr? +03j 1.'24SE'0 :.44E4.0S 33.ZS SS.3Z

'S 6.-11 + 03u1 .ZSSE+44 4..32S4S 3.+l '3.

: 3.23 S37E63S.ZIE6 SE33+OS S1 3.2

4 4-.36 6.682E+03 1 41ZIS+04. S..31I7E4@S *,. a.88 o 0231

Lbast-sauarss Line for A a.aalta-v1^t

NOTE: 14. data Points3 worb 3%0red in fl.!& 302SA

NOTE: 14, X-Y i~alrs were stored int data fille
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MO0TE: Program name :ORPAUL
Data taken by .MEYER

Thits analysis done on file SSIZ2SA
This analysis includes end-ftn effect
Therm~al conductivi1ty 2 4.*3 Uh.K

inside diam~eter, Wi A .73r
outside diamatar. 00 x 1 3.8 as A
This analysis uses the QUARTZ' THERM¶OMETER raading3
Mlodifited Patukhov-Poo0v coefficient 256
Using HEATSX insert inside tube
Tube Enhancem&nt : RECTANGULAR FI-MNED TUSE
tuba m'ateri~al : STA IN"LESS$-STEEL
Pr~essure condition ; AT1MCSPI4ERLC~
Nuiseit th~eory is used for HO

"$I tbased on Patukflov-Po~ov) a '4.8836
Aloha (based on tNus361%t Tdal)) a .S311
Enhancemqent (q) " 1.,a. 7f
Enhancement (ftel-T) 1.6

Data VU. ti HO Go Tef 13
(1JWw/2-A J/'2 1 (C) (C)

2 3.83 G.755ESF+Q3 1ZSQE+U4 s. 4,11 6+18 43.176 164.16
3 31. 3 8.663E+23 i.12726+64 5.366E445 14.2 . 23 9.79
4 2.7 .525643 !.291E+24 5.243E~a6 -3.63 S3.81
S 2.23 6.326E*63 :.30RE+164 5.I56+05 Id8.66 32.93
6 1.768 S.I3646+6' t.3636.64 4.8336+44 35.St :0037

7 1.27I S.S16E+03 1 .436E+134 4.4286405 3t3.83V 9S.84

a 1.;7 S.SaSE+GV 1 .431 E+0-14. .42 1E+S 33.M 38106 9.36

9 1.761 S. 264E+413 ;-1168E+94 4.8436445 li 35.4 .0339.35
is 144.3 6.4i"76433 1.13666.6' S.6ssE+GS 38.38 M2.22
11 2.76 6.S356+63 1.318E+64 5.321!9+6 I2.Z9 M3.11

U12. 3.30 6.8016463 1.321E+64 5.4816+O5 4..5. M.09d

13 3.83 S. 9S76+63 t1.3346+64t 5.61"7E+G5 42.12 ale. 23
14 4.36 7.3666E+63 1.3126+24 S.6676+I5 43.24 66o.35

Least-sauares Line for q det-b
a 3.314e+644
b 27.SGM6-61

NOTE: 1t. data points w~ere ator'ed in file SSIn"A

NOTE: 14 X-Y pairs w~ere stored In data f ile
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NOTE: Program name.a ORPALL
Oata taken by : MEYER

This analysis done on fiLe : SSIA

This anaLysis IncLuaeI and•-fn SffaCt
Thermal conduc%'titY 11,.3 to/M.0)

Inside ciamets, KZ IZ,72 tmm)

Outside diameter, Ao Q .83 (W)

This anaLysis use3 the OUARTZ THERMOMETER rtawng

M~odified PatukhovJ-po~oo coefficient 2.0

Using HSATEX insert inside tuba

Tube Enhancement : RECTANGULAR FANEC TUBE

Tune mvaterial SAILESS-STEEL
Pressure condition : ATOCSPHERIC

NuIssit thesory is used for Ho

C! (Wasad on Pst ,ov-PsOov) S :407

Aloha (Wasad on NussaLt (Tdel); a W.3SZ

Ennancament (Q) * W1

Ennancament Wa. -Ta S t.00

Oata Va Uo Ho Co Tef Ts

* (M/3) (U -K CC-) /rm'Z-KI' (W/I m2 (C) WC)

4.3S 5.738003 t=4004 S.ZS6E+S Q.89 239.74.

Z 3.82 S27Z•+03 !.272+04 S.Ztss+÷S 40.37 W&W

309 S.A ÷3 1.W304004 .3 S 28.13 Wo.il

4 1,6 S..82E++3 1.3002+04 ,.S.E3 S 3.8 28. to -.t

3 Z.ZZ S.128203 1.3.30*04 4.74E40S 3S.6• :. IS

it Z.7+ 8,1ZE+ •&.T+02 4 4.746004S 35.54 00.21

it 2.75 6.3730063 t.3120044 4.96202S4 37.63 ;8ZAS
Q4 3031 SWAM W.3004 S.1 44S 3. 39.33

QP 3.3 3722 i.23200U4 S. 52 s W ! S8

i4 4.34. S.7720063 11ASS9EW4 S.::9545 0:.1r3 9.30

Loast-souarCs !Lin for q adoIta-T'Q
a * 3.ZS7Z2+6€

ATE: It data coiftS were stored in fLil SSIA

N4OTE: 14. X-t ;airs wore' stored in data file
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NOTE: Pr~ogram name : WRALL
Oats taken by :MEYER
This analysis done on file, SSSA
This analysi.s includes end-ftn ef fect
Thermal conductivity a 14.3 (W/m.K~

outside diameter. 00o 13.a8 (Amm
This analysis uses the QUARTZ THERMOMETER readin~gs
Modified Patuthov-Pooov coefficient Z.50601
Using HEATEX insert inside wube
tube Enhancement :RIECTANGLULAR FrN141EOw TtUBE
Tub* matarial :STAlI4LESS-STEEL
Pressure condition ATMOSPHERILC
"rusaalt tnaory is used for Ho

C1. (tasad on Petukhav-Popov) *273

Alpha (based on NusseLt (TideIU * 1.1S18
Enhancement (Q% 1.Ses
Enhancement '%Ca I- T t .355

Gata W~ Uo Ho CaTaf Ts

4.3s l,.s23E+03 I1. SIE65+04 5.983E*05 32.63 33.83
2. 3.92 7.4.32S+63 1.S325444+Q S.SG8E+GS 33.3t 99.2SA

3 3.28 7.3025443 1.S585+04 S.7SSE+ZS 3G.26 S8.84
" "4.76 .1 8ZE 4 i .617E+14 5.GS8E+05 3492 100.0

S 26.23 5.8155E+03 i.5865+04 S..35254.05 3.S 3 S.8S
6 !.72 6.4SIE+23 1.64175144 5.6645+05 30.74 100.07
7 r.t"7 S. 6SE+83 I .7565.04 4.5955445 26.111 to0.28
a 1.!7 6.81QE.63 1.7515E+04 4.6005+06 29.12 ize.06
9 1.70 S. 1713+03 1.6535+24 S.ZS4E-+IS 30.62 8'3.86

12 Z.2 G.874544+3 1.6221E+04 5.4005+05 33.14 98.75
1; 2.76s "I.i65+03 1.613E+04 .6554 35.08 88.8
1z 3.Z'3 7.330E+43 I .S72544 S.8045+05 36a. 33 in-as
13 3.82 7.629544+3 1.5735E+G0 5.S3515+IS 317.83J 100.0
14 4.3S 7.0971E+63 I1.SE 5+04, 6.0725+05 3872 100.16

Least-squares line for q ~at-~
a 3.3942S+04.
b £7.58W6-41

NOTE; 14. data points w~ers, stored in fiLea S35A

NOTE: 14 X-Y pairs swar stored in data file
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APPENDIX E. - UNCERTAINTY ANALYSIS

When taking experimental measurements, error is always

introduced. Though great care was used to ensure the accuracy

of the data taken, there is no such thing as perfectly exact

measurements. While the error introduced by any one particular

measurement may be small, the cumulative error introduced by

all the measurements may become quite large.

Uncertainty is defined as the estimated difference between

the actual measured value, and the calculated one. Kline and

McClintock (Ref. 12] developed a method to determine the

uncertainty of an experimentally derived value. This value V,

which is a function of many measured quantities ie, V =

V(x:x2,X3,....x,), has an uncertainty given by the formula:

C1j[ 1'u "V{u 2 f[v 32 avU]]]"Z (30)

where:

Uv= the uncertainty in the dependant variable

x,x 2, .... x = the measured independent variables

UIU,...Un,,= measured variable uncertainty

Georgiadis [Ref. 13], gives a complete description of the

uncertainty analysis used.
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The uncertainty analysis program used is given in this

Appendix along with examples, and was a revision of Cobb's

[Ref. 8].
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CATA FOR THE UNCE.RTA NTY ANAL'fSI:

FiLe Name: Zus
Pressure CWnMItMt'r: vacuumrW
vapor Temparyurs 3.8.538 C

watar F'ow Rate M, S .+

water JaLoctly - ..3,4 (M/SS

meat Flu - SA S

-Tua-matal thermal cnduc. 3.

PjthGV-P0;y constant ZAGS",

UNCERTAINTY ANALYS IS:

VJ•RA8L PBt RCEP4T UN'CR TA I T'?

Mas 'Fow Rate, Md ,3

Reynolds N1umber, Ra L

Heat Flux, 4 1.01

Ltg-Maan-T&m Cuff. LfTD .72

Wail Resistance, Ru 44.1
iI .i I

Overall H.T.C., Uo W7

Watar-Slae H.T.C., Hi .97

Vapor-Si.& H.T.C., Ho S.TZ
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DATA FOR THE 'UNCERTAINITY ANALYtSIS.

File Namie; %.JZQ
Praiiura Conditi.on: VJacuumuMac
Vapor Tampearatu.r& a .. 719 C)

water Veloci~ty "Mm

Heat, Flux 3.gS5ZE+S w/-.2)
Tufla-~tn.terimal conauc.

-WNCZRTAINT'Y ANALST.

masa Flow Rata, Ma
Reyn~olds Number I Re .3
Heat F Lia I 1.16
Log-M~aan-TCFm Cii? * LMTW'.7
Wall~ Ra3LstanC&, Rw O.4

overall H.T.C., 1. 1 1.36
Water-31de H.T.C. *H!. .g

Vapor-S3.ida T.. HO
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GUATA 'r-CjR THE 'UNICERTAt?4TY ANALY~S-AS:

Fjlb Namwe: "S
Pressure Candit Ion: Vacuum

V&aOor I~ecra~urs i 8.S "I %cog

'Wlater Flow Rate 80.0)

water VCLOeloV9 4."

Heat Flux -~.~+5 
(/Z

Tuba-meaxa thearmal CondUC.

Pa-luxnov'P~oov Constant

IVARILA8LE PC:R C NT U?4CRTIA I 4T Y

Miass Flowa Rate, Md23
Rayno.143 ?4umar, Re 10

Heat FluLx, q .1

Log-M~aan-T&A Dif , LflTIO .7S
aURe a,, sancea, Rw z,.24

Ov or a 1 H.TC. U 0
water-Side H..,HI.3
vacor-Side .TC. Ho 8.19
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OATA FOR THE UNCERTA1,NITY ANALYStS:

File Nam'e:CU
Pressure Condition: Vacuum
UJaoor re'amparature ~.7 CQC
water Flow Ra-.e -0.0
Water Val'ac,,t~i

- - He~Mat Flux .SE~S (/~~
ljte-mall'a thearm'al condic. 330.3

~ tN~'ANALYS&S:

VAR &ABLE pERCS1NT 6 -UfCZT&bTdY

Miass F~o Rate, M; VJ
Rayno I u Numier , Re 1.08
Heat F'&u*X, Q 1Z~p
Lag-flean-Tsn' %01 O~TOw .83
Wall Resistancs, RI-
O'ver alI M .T -'w.. UO A
Water-Sidae H.T.C1. . H! 3
vapor-Side, H.T.C.. HO S 23



CATA FCOR THE 'UNCERTAINTY ANALYSIS.

Fil* Name~: C'JliS 11T
Presmsure Condiion Vac~uum
Vanor aismaeraturi 32Z OQC

l4atar VJeioc1tV (Il

Tuho-m'eaal th~ermal& conduLc. %/.

pat1khov-po~ov constaTit,

VJARIABLE ECN NETIT

Mlass Floi-a Rate. MCI
RtayrnoIln r-lumer. Re.3
Heat Flux. Q A

Log-Moanf-TlIm Ciff. UMITO : *
WaLL Res!3%anCa, RW .2

Overall H.TkCo. . UO.3
Water-Sida, H.'.C^ , HI .4
Vapor-S i~de H.T.Co HO
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OWATA FOR -THF IwuCIRIA&NTI'i At4ALY'i'S:

Fils NamIe: CWSAj
Prassure C'1.nrItin Atumosoharic (1i~

Vaz,-r %a~rtr (e C.

wJater Flow Rata '%I *

Water V*.Qc1%Y
H eat Flux.~134E~ WV

,,ite-fetai *,earral canduc. (WIm K~

?&f-P VconstaTnt 2 ft

%INCSRT"A ?TY ANIALYS tS:

VARIASLS PFERCENT NCERTA:rNTY

Mass F)LQ Rata. M¶d 2

Ray1nola3 #Nw'par. Re 11

moat, Flux. a .SS

,,a,, R&S,3t.ance, Rw ~ .4. 240

Novra"L M.T.C.. .98

uat~r-Sida H.I4.%1.C HI A6

Vapor-SIide H.T.C., HO .3
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OAT A FOR THE Ut4CERTAISINTY ANALYSIS:

File Namea: CWtZSA

YJawo Tamoraturs1'e.4 (OGG C',
watar Flow Rate (
'Water Velocityu
Heat Flux u ;s7s+os WV-
luba-m'etal thermqal condua. (W/m.K)

pa,tknov-popov consItant

UONCERTA INTY ANALYSIS:

VAR *A8LS PSRCfz'ftT U1N4CERTAINTY

Mass Flo% Rate, Md 0.8
Reynolds ?4unfar, Re.1
Heat Flux. q .9S
Log-flan-TeIa 00. fLT .UTO
wait ResItstanca, Ru .4
Overall H.T.C.. VO .S
Water-Side H.T.C. * H1. AS
Vacor-Sida, H.T.C., Ho 58
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CATIA FOR THE UN4CERTAINTY ANALYSt6S:

File Name: Cl.0J7SA
Preusure Coontti~ : Atmoscflert (ý121 kPa)
Vacor Taenrsurs 19.1499% o

viater Fio Rate lw. ý
'later Velocity t.
Heat Flu:A -S SE+91S W/

ITut&-Metal thermual c~nduc. 9.
p~t~jhov-Po~ov consta~n :'3

lv-?vCSR TA I? N4Y ANALT St :

VARIASLS PSRCENT UNCERTIA 16NTY

.lass Flow Rate, fld
Reynold3 NLumber, R& .
Heat Flux, a
Log-Moanl-Tom C Iff L ltC .2D
Wa1L Resistance, Rw
Overall H.T.C. . Uo .98
water-siae H.r.,C.., HI .98
vaoor-Side H.T.C... Ho Za . 7S
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CArA FOR THE UNCERTAIT~4Y ANALY'SIS:

File Nam~e: CUSA
Pressuro 'Condi.tion: Atmsaho-iz '%IC 1kPal
vacor rel'pera~ure W (O C)
Water Flow Rats 82.2
Water Velocity s

- - ~~~Heat F!uX. I4E4S
Tubt-,qtal %noermal conaiuc. 0. (W/rwik X
Pot rnov-Popov constant 278

UNCERTAINTY ANALYS IS:

VARIABLE PERCNT UCERTAIN66TOY

M¶ass Flow. Rate, Md .3
Raynoits Numcor, Re : . : "
Heat FlwA, q .96
Log-Mearh-TOR Cif.?? LIIT .24
wall Resistance, Ru 42
Nverall H.T.C.. . Uo AS3
Water-Sidea H.T.C., HI .AS
Vacor-Slude H. ".C. , HO
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CWATA FOR TH4E UCERTAAINTY ANALYS6S,

File Nanoe: CUSIITA
Pressure Cnditi.on: Atmspheric 1%: Oi
lvJazor I w~caraturs 1.C7 tie. 2 "
Water Flo Rate '%%1 846t
Water Velocity m/,3 /3)

Het FluA S 'S..t6E0 t -VW'*
Tubt-matal th~erm'al condu.c. -ZS

%jN'CS3TA tN'4TY ANALYSIS:

'JAR.!AOLE PIERCE'4TI OUPCERTAINTOY

rmas& Flo Rat&, ?ld 2
Reynolds Number, Re IA
Moat F,6- a bZ'
Log-fllaa,- Tam 0 f. Lfltvo'
W4all Resistance, Rw~4*2
Overal IH.T. CO. ,Uo t
Watar-Sid* H.T.C., HI A
Va0or-Side H..C Ho 23
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CATA FOR THE UN4CERTAINTY ~~ANLSS

Fito Nam6: ALIS
Prbsaura cona!tI1on: "Jacuum
vapor 'famaeraturs ~..31(a C)
watar Plow. Rate )
Watear Veloc-t-y
Heat FLUA ~Z2E4 JV
Tiaba-0ketal thermal corduc. A3L (W0m. K

Patithov-Po00V constant Z~7

UN.CE R ANT ANALYtSIS

VARIABLE PRETU6,CERTAINTY

mas F1ua Rate. MdZ8
RwynlO'd3 Numfoar, Re I .Is
Heat Fliw, Q . 17

Log-Mban-Tam 0 1if M~TC.
Wa 111 Ras Ist anc a , R, S.3

overall ).T.C. . U0 .348
Water-Sido H.T.C. , HI ASS
'Jaor-Sida H.T.C., HO 37
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OAITA FOR THE UvICERTAIANTY ANIALYtSIS:

File Nam'e: AL126S

Pressure Condition.: Vacuum
Vapor Tewqoeratura a.3.S"5 %Oao OW,

Water F~o Rate MIN
Water Veocity m

Heat Flu*A ("6E-S ¼/m^A.
Htue-metal thermal conduc. 2318 (W/.K
Patmv-Popov aonstarit

UN4CERTAINTY A~NALYSIS:

'VAR I ALE PSCfjENT'r U?4~CfRTA.rNTYw

Mlass Flo~w Rate, Ma 3.N
Raynio I s Nw'm§ar , Re.2
Heat Fl-%w . q .2*
Log-flean-Tem t, LfTIV .111
Wall RasilsaTnca, RW. S.35
Ovar a!). H.-T.-C-. U0o L43
jator-Side, H.T.C. , HI..3
Vapor-Side, H.T.C., HO G.4
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OATA FCR THE UNCERTAINTY ANALYSIS:

File NaMW: ALt

Preusure Conrd l.tldn: Vacuum . W '

Vapor TamarawsB
water Flo Rata W ,
Water Valoc!%Y V 4..3

Heat Ftu 3V3E4 (/:

Tub-metal thbrm~al conduc. CW.
P.txnov-PO'ov constant .Ss 8 8

UNCERTAINTY ANtALYSIS:

VJARIABLE PERCENT UNCERTAINTY

Mass FloLA Wet, fld 2

Reynolds Nuatar, Re 1.f

Heat FLIVA, Q .~

Log-Mean-Tem 01ff, LMTO .81

Wall ResLstance, R SA.3S
OvIrall H.T.C.** , U "

Water-Sme H.T.C., H1 .8

Vapor-Saa H.T.C., Ho 7.6

3.24



CATA FOR TH4E UNICERTAtIT'I ANALYST'ZS:

PU,* N4am*: AL7S
Prbisura cand~tir1 : Vacuum
VJaor T~imoaraturs
Watar F!.ow Rate (x%) 1

Wator volocity
Heal Flux zs "'WI I

UfI4C-RTAt4'T'I' ANALYS IS:

VAR IASLE ?;d~4 i RA L i v .

Rayno 'is Numtier . R&
Meat Ptu',r , Q2

Wall Resistance, Ru S.35J'
Overall H.1I.C.., UO t. bs
watar-SL1da H2T.C.. HI .3
Vacor-SidaH~.. Ho a'
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CATA FOR THE UN4CERTAINTY AN4ALYSI'S

File Nam'e: ALS
Pr&33ur 'Condition: k~acuum
VJapor Temperature (C.92eWOaQ
Water Flo Rati at O
Water Velocity
Heat Flux 3~E+S (/
IXuba-rmetaL ttherm'al coinduc. '4"
Pst~khov-Papo' co-natant Z 7 31

UNCER 7AINTY AMIALS'tS S:

'VAR IASLS Pr 4ENT r UNETI TY

Mass Flow Rate, Md*.3
Reynolds Nlumtar , Ra %.Is
Heat Flux, q 3
Loo-Ma1an-'rai 160if 11, UI1TOW.1
Waill Raiistalce, Rw 3s.~
Overall. H.T.C.. Uo 1.S2
Watar-Sida H.T.C'.. Hi 5
Vap.or-Side '..C o
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OArA F'OR TH UNCEERTAIINIT' AVAL'f313:

Filef Name~: ALSflT
Presaurs C..inIt~n: VaCUUM

"~Jarjor Trmer~arture .37
4atar Flowi Rate ('
'"ater 'Jalocty-

I -6 3 . 3.

T A 7 JtNT'Y A?4'ALY'Q'':-

VAR I ASL PiERCEI4T UNIc'aRIArtNr'f

mias3 Floia Rate, Md .8
ReVTo~l~s N~u'mer, Ra 1.28
Heet F~IWA , q .106
Log-M1are-Tetm 0016. L?"IC 1.1
wea,, Rea3tarnce, Rig S.3pS
Ove ar a I H ."l.C,-., UO 1.84
'later-Si~de H.T.C. , HI .94.
;aoor-Si.ae H.T.uC. * Ho A
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OATA FOR THE UNCERTAINTY ANALYSIS:

File Nama: ALISA

Pressure Condition: tmosnfert: tit! We;

Vapor Temoarature = .(O.g C'

Watar Flow Rate 0', 8020

Water Valoc~tY - .30/'

Heat Flux = ;.:'SEW¢S WIm'"

Tube-mata thermal conauc. 20.3 to/M.X,

Pstkno'-Popoy constant W W.o I

UNCERTAINTY ANALYSIS:

VARIABLE PSRCENT UNCERTAINTY

mass Flow Rate, Md .•

Raynold3 Nummar, Re
HMat Flux, q .96

Log-Maan-Tsm O1ff, LITO .ZS

Wall Resi3tance, Rw S.AS
Overall H.T.C., UO S9

Vatar-Stid H.T.C., H1 i.20

Vapor-SideS Ht.C., HO
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CUATIA FOR r24HE AUN CERATAINIY MNAY~

F¶.la Nam~e: ALS5A

Iv,&;or Tapkcaraturs - C .Oe ICI)%

-Water Flaiv Rats t'.'
Water "All oc IRIB

Meet Flux .SE4 ~
'rube-rmeta! tnarm~ai canduc. L
pskhov-popav constant- .S3

UtmCERTIALN1TY ANALYStvS:

VAR~A'AL PERCENT UMMCERTAINT'(

mass Flow~ Rate, M¶d Z

Reynoi.ds rNumaOr, Re .12

Hoea. Flux .Q A

LOG-Meaan-Tam' Giff. LM'IC .27

Wall Rasstatance. RW 8.35

Ov or aI H .TC UO ,g

Water-Side ... H1 .s8

vanor-Side H. .C., HO S.76
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CATA FOR THE UN4CERT AINTYr At4ALYS1 IS:

File Nam~e: AU A
Pr'essure Conlti~on: Atm~ospheri~c (1101 kPa)
Vapor Temerature ZIe ; 0 19C"
Watar F,6-w Rat'.e I . 8 2 *
'Water Vatocity -I..1(/
Heat FIuVA~3+6~WiZ
Tu'Ue-matal thearmal conduc. 23. ''

Pst-khov-P~oov constants

UNCERTAINTY ANLSS

VAR IABLE P E R C E NT NC '-R A I NT f

Mass Flow. Rate, MI 08
RaynoL'.U- N'sumer, Re 41
Heat Ft.6%x. q .r,

Loo-Mean-Tom iff17, LMTO#%.Z
wall Resistance, Riw 5.3s
Oveoral I H .'F. Co Uo t.12
water-Stde I..C H1 1.23
Vaoor-Side H.T.C., Ho 3.416
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CATA FOR THE U?4CERMAN4Ty ANALYrSIS:

File Name: AL ?SA
Pressure Candlt.1on: Atm'oijfleric '%10 03a)

vaoor Teimgeraturt O~C

W~ater Flow Rate )2
Water VJ&LOCI.VY -M

-Oi.ta-matal tt"er!"al coidUC. .8 /nK)

cktvP~O onstant 37S3

UNICERTA 4TY At4AL'rSvS:

VAR rABLE PRETUmCCERTAtINTY

Mass Flowj Rate, Il .1
Rteyrno~la Nucmoar. Re
Heat, FltwA. Q
LoQ-flhGAr-TSPI 01?i?. LlTIO .2

wa.!. Resistanlce. Rw ~S~
overall H.T.C. , tjO 1

Ljater-Side H.T.Cq., H1
vapor-Sida H.T.C. , HO
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CATA FOR I'HE 'vJNCE(R A&',4T? ANALYSIS,

FtLe N~ame: ALSA
Press~urs Cac~iti: At~agoner1; (kZl03
,Noacor Temperature zS7 %, ~ OGG
Water Flow Rate (DO~
water vaeocity ~ ~ 3
He&*% FijwA 7.111SE+0S f/Z
TPuba-ma'ieal therm'al~ zodc Z61.0131
Patmov-Popov C'fl5s~ant

UNCERTA114"TY ANLSS

VJARIABL.E PERCEN4T U4ETL

Mass FLow Rate, Md
Ray#nolds N1noer, Re
lelat F'lw.c q AS9
Loa-Mean-T46A 0iff, LMT0 .37,
We!! Rosistance. Rw S.3JS
"'verall H.T.C'., Uo "2
Water-Side H.T.C.'.* HI .96
Vapor-Side H...*Ho 4.97
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OWATA FO -HE U%,, RTA~4'% AN4ALYSIS:

File Namea: MI

Pressure Cond2.:Ion: VaCUUM'
Va~or Ie.atr 43.SSS

we-t r FL.-. Rate a )
water VeloclV%* 'VS

pat Aov-pooov constant

uM4CERTWINTY AMIAL'ISIS'.

VJARIABLEPRCN NETNY

Reynolds Number, Re .28

Ne&t F~lwAX Q 1.34

Log-tMean-TCm 016.11, Li¶T" S37

jai! ReifstanIce. Rw 3.78

Overalt H-T.CO.. WO I.SS

Water-SideHt.. HL .'S

va~or-SidaeH... Ho S6.2-
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CATA FWGR THE UNCERTAIN4TY ANALYSIS':

F'11U 'mau~: ALSNTA

Vapor Temcerature a0~C
Wdater Fl~w R ate a (%)0
U4-,tar ot ' ..SIi

moat F 1%wA J8'S J/Z
IU0c-metal thermal conduc. Z 1 1.3 /vin. K
Potknovlpopo'i constant .7S

Ut4CERTAINT'? ANALYSIS:

VAR'6ASLT PERCEI't, UACCERTAIN4TY

Reynolds Nu~mber, Ra .1
Hekal Flux, 4 1 .Z
Log-iMean-Tom 01flf, LflTO .4.8
Ii&jll Rasistance, Rw .3
ONerall H.T.C., UO t.1
WSater-SLtdC H.T'.C., . Xi9

Vaoor-Sideb H.T.C. , mo Z zZ

1.34



CATA F^R THE IV' E9TAINT'Y ANALYSIS'.

F I I aName: CNI A

VJacor Tmiraervus in. is C'
iwa -,r F1'ow~ Rate a(8.z
wa~tar VJelocity
Meet Fl,,YA -74S I')

Tub-r~ta1therm'al e~niuc.
P~t.Xho--Psr~o-U - -1a

UCSR'1A4NTY ANALYSIS:

'JARILABLE PSERCIEDTO tUt4CRT, A I T,

MaSs Flow~ Rate, lid
Reynolds uumoar, Re 2
Heat Flux, Q .3

LOQ-'Iafl-T Ow0ff, LlTIO
Wall Raslatancs, Rw .7
Noerall . UO.I .le
Watear-SLido H."1.^%. , Hi AS8
vaoor-Side H.T.C., Ho 53
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CATA FOR THE UNCERTAINTY ANALYSIS:

FLQ Nasa: cut

Pressure Condltlon: vacuum
Japzr Temperature 43.63S WCag C;

Water Flaw Rate (Z) Szn
Water VeLocity 4.36 tmjs'

Heat Fl~ux s .7980~S 0/02) -

T06e-mmala tnarmal tondue. S35.3 =Wm.&;

Pstxhov-Popov canstant = .6782

UNCERTAINTY ANALYSIS:

UARIASLE PERCENT UNCERTAINTY

Mass Flow Rate, M d
ReynoIl3 Numoar. Re
Heat Flux, Q .36

Log-fean-Tam' Off7, LflTO
Wall Raesstanca, Rw 3.78
-MraUi H.r.C., uo 5.89

Water-SiaX H.T.C., H1 .8

Vapor-Sida H.T.C., HO 6.24
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DATA FOR THE UNCERTAINTY ANALYS'33:

File Nam~e: C4
Pr'essure Clonait!.Of: Vacuum
VJapor Ter~arature(e C

-jater FLow Rate I%)
,4atar Val;ýCt'
meat Flu: 83AS~'a

Pathov-Poov consitant % .~S

uNICERTPAINTY ANALYS IS,.

VARZABLE 1SCN 1?4111% AI?4

mass Flow~ Rate, MCI
Raynolis3 muj~bC1, Re&
meat Flr ,
,.Zg-fean-Tem Owff LMT CS
Wall ReSIstance. Ru 37
Overall IH.-T.-C'.. IUo.8
water-Side H.T.C. , HI.9
tVapor-Saidb H... Ho
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CATTA FOR THE UN 4RTA ' TY ANALYSI'S:

Fi.ls Name:
Pra33urb Condition: Jacuum
Vaoor raMoaratuira =, "38?Z(OaQ C)

W~ater F Iow R ate . 1

HMat Flux ~2SE~S ( V
"Two-metal tnarmal conmuc. ' SS.3 .K"
PCo-Pon'v rstant S•b

tWNCERTAI4T" ANtALYSI:

IVAR A 8"c PERCE;4T UNCERTILI4TY

mass Flow Rate, Ma U
Reynolds Numoar, Re .a"
Heat Flux, q 1,4%
Log-11aan-Tam Olfff, L1TO 1.6
Wall Raststanc4, Rw 3.73
Overal'I H.T.C., Uo I.
Watar-Stda H.T.C., HI S5A.
Varjor-Side H.T.C., Ho 4.37
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OATA FCR THE UNCERTAINTY( ArALYMS:

File N4amwe: WI4SA
Pressure Conditi.on: AtmosOhari (f~¶ '&?3

Vapor Taimoaraturs - oz a

water valcI. ? .34WS

tube-'mata! tmeri~al zcndUC.
Pbtxmo-popoy constant 3a7

UNCERTAIN4TY AN4ALYSIS:

VARItABLE PERCENT U?4CERTAI4T'

MWas Flo4 Rate, Md .3

Reyn~olds Num~'b&F. Re . i 3
Heat PuAl 4 3

Log-fMaan-iaI' Ciff. LITO
Wall Resistanlce, Rwa 3:.78

Water-S~de ?4.T.C. , Hi .38
Vapor-S~id H.T.C. , HO
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OATA FCR THE UNCERTAINTY ANALYSI3:

FiLe Nama: CN7SAR

Prossurs ConditLon: Atmospneric (to! kPa)
Vapor Timperaturs - .oeg C)
Water Foiw Rate M 30.0Z
Water Velocty .4Ms
Heat FLu, 7.SGE.+oS
TLo-Metal thOermal conauc. S3.3
Puhovj-Pooov costant

UN4CETAMt4Y ANALYSIS:

VARIABLE P.RC.NT UNCERTA•NTY

Mlass Flow Rate, Mn .8
Renod Number, Re I
moat Flux, q.3
Log-metan-Tami Cl.I?, LflTw A
Wail Resisztance, Ru .7
Overall H.T.C., Uo 1.4
Watar-Side H.T.C., Hi .7
Va4or-S0e H.T.i., hr
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CATA 'OR vTHE -61--R-AINTY AIVIALYSII

Fi.le Namhe: CON5 A
Pressure CondiltI.Cn: Atmspheri.c kPa'/

vapor TrarmaratutC3r 7 C)

water Flow Rate - I-2
A, -PS

Heat F2lj (/A ~
Tube-meta! thermal conW'UC.
P~tkt'V-P=GV constant

UNCER TMUT' AV4ALY 315

VJARIABLS SCN ?~IT

mlass Flow Rate, ild
Rayno.LC3 ýumnar, Re 1

Heat Ft~u', .q S

WalResi.stan1ce, Riw
'Ivor aC, H .T Co U 'o.0
Water-Side H.T.C. , HI, .936
vJapor-Side H.T.C., HO r
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CATA FOR "H E INCER'Aj."u ANALY'fS:

File N4ame~: S315

'Vaoor T amperatura (asC
'Vtaer Flo Rat& SQ 22
IVAater ~I~1t
Heat Flux 7 Z- + 0+ S /''
luba'-retal' "M~rm~al corduc. 1.
patvthov-pooov Consitantf-

UNC-ERrIA111" ANALYfSIS:

VJARIABL.E PERMEV,47 TN~ A L',riY

U33a FAI1Q Rate, Md .3
Reynolds N~umbe,. Ra 4
Heat FlUX , q 8

Lo-Man.Fa Aiff, LnTdlWI.~

Wal-1 R6313tanCS, RIA.3
CveiaIL H.C, Uo
Waler-SICaH..C, HI. 34.
V.aoor-Si.de H.1T.C. . Ho S.S31
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CAT A FOR THE UNCOERTA NTY ANAL Y 3S I

File Nam~e: SSI

Pressure 'Canditon: VJacuum'
vJanor Teamparaturs 37 OQC

wat or F 1 o Rate a~ z
Water VeloctcVy "n 3.3

Tubae-motal therm'aj coinduc. Wf4..

Patkho'J-P~opo constant.33

VARILASLS Vv$CEN I 4CRTNTY

Mass Flow Ra~a, Md .3

Rewrnolda 4uuiter, Re I .1.
Heat Fluwc, q 1. 9

LOG-flear-Tem 011ff. LMTO I .723

wall ROIsthT2ca. Riw S.87

Overall H.1 .CW.. Uc .S

Water-SLda 1... HI A'S

Vapor-Side H.CHo 7t
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OATA FR~r THELI A.'.ALYSS

File Name.:S S
Pressure Candlti.Ort: Va cu u,
vacor TempeatrstC

watar "J' RactY s~

Heat, Flux ~3S~ 4V

VjAR1ABLERENrUCETIT

Mass Flow Rate, Mi
Rawrno!d3 -Nuumar , Re

Loo-maanf-Tam O01ff. I, M.T
Wall Rasiltaflca, Riv .3

-%Jajor-aI H- I A.'W% - Zo .3
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CWATIA FOR THE Ut4CIERTAINT'( ANALY(SIS:

File Namei: S
Pressure Condition: Vacuum
Vapor 'fau'praturs C3S3 aOQ C~
Water Flow Ratlf's
Wvoazer Velocity 4.7=ms

meaa Fluxc-

Pstmo-4-Popov Con~stant .

111CIRIA'4PT ANALYStS:

VARZ'AGLE PRET'~CRA4'

Maasa FLOW Rate, C"1 0.80
Reynolds Number, Re 1.21

Heat Flu-A. q 1.68
Log-tiaan-TI&A OwIff, LMTO ".40
UaU! Resistance, RU S.3"
Uvra .6.Z ,

Water-SLidHa .. HI. .34
Vapor-Side i4.T.C. * Ho 83
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i I I I I( .3 4

CA T FOR THE UICERTANTY' ANALYSIS;

File Name: SISA
Pressura Condition: Ateo"s c (1a rPi
Vapor Tfmlaersture 4.1 (O6g C)

Water Flow Rate }0.2)
-Watar 0,.4,•V= , • m 3 1

Heat FlUA = S..SSE+PS " ;

I Tuae-metal ther'mal can=uC. 3 I .r'I.K)

Pet ~,- cons:~tant 11 'MIPS4

UNC_.ERTAZINTY ANALYS IS:

VARIASLE P RC 04CT UZ, RTA 14ITY

Mass FPlow Rat&, Md 0.32

Re'ynold s4 Numbr, Re .

Heat FLuX. 4 l*,,
Laog-Maan- , Tam C!ff ',.,, C'' S4

WaLl Resistance, Rw S.37
O-vera I I H.T.C., Uo 1.22

Waer-S•d.e H.T.C. , HI A
Valor-Sid& H.T.C., Ho S.,
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C'ATA FOR THE UNCERTAINTY ANALYSIS:

File Mape: SS3,2SA
Pressura 'Condition: Atm'osprnartz ',;Z;k

vJamor Tamooraturs
,Wat ar F 1 ow Raafte 't 0 a

water velocity _' as' M

1er~t~tr"narml conduc. V /

Petk ov-Porj czrnatant a 83Z6

UWNCERrIAITY AN4ALYSIS;:

vAR:?ABLE PSRCENT UANCERTAINTY1

miass Flow~ Rate, ?¶d
Ra'enolds %lumner, Re 1.09
Heat FilwA. 4 .2

LOG-mlaan-Tam i~ff . 0113 *sI
Wall Rasistancs, Ru S.37
Overall H.T.C. . UO S .17

Uatar-Side H.T.Co. . HI4 As

vapor-Side, H.T.C.. HO 7. a
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CAIIA FOOR THE U4CIER TAllrVT AINALYS:&S

Pressure Cnd' on Atmoso5flri (! Z ?&

WOpatar Rate VO~

Miaas Flow Rate, c. 2.
Reyinolds Nwa~or, Re 11
Heat CPluA, Q 12

Log-fean-Teia Cif LflTv .SS
UAaUl! Rest.stancia, Rw S8-
wveratU H.T.C.., UOc LI .
Uatar-Side H.T.C... HI. .'s
Vanor-Side H.T.C.. Ho .4
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OATA FCR THS UNCERTAINT' A4•ALYSIS:

Flea Name: SS7SA
Pressure Condition: Atos~heri %12 kI; Pa)

Vapor Temooraturs SS.868 C,
later Flow Rate '41.1) S N.vv
W~ater Velocity'(r/s
H4a6-4 FIWAc %n,;S.4S (W/'. 21
Tubo-matal therm~al conduc. 143(WMK
Peatkov-POPOv constant = .•653

UNCERTAINTY ANALYSIS:

VARIABLE PERCENT UNCERTAINTY

Mass FLow Rate, Md 0.8$
RaynoLds Number, Re 2.11
Heat FLux, q .
Log-Mean-TeA 01ff, LMTO .4s5
Wall Resistance, Rw S.87
OvorlalI H.T.C., Ua .IZ.
Wat•r-Side H.T.C., Hi S7
VaDor-Side H.T.C., H.o
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CATA FOR THE lw"OCET INT ANA1 YSjZ

Pr%33urs r.=ition:f Aos~nari.z t(!
Vapor , lioratur& 3e
i a t ar F -w R at 46 a va
water 'etic'.ty ;4/
Heat% FLJUIA2 .:s s 4r

P3tkov-Popriv costan~t.

U?4MRTA INTY ANALYS"S

VARIABLE PERICCENT UtCR A NTY

Rwino 1,d3 Numnar , Re
Heat% F)U' . 1.
Log-I¶8aT-Tei IS 01f.,I¶T 4
WaU. Resistance, Riw S.87

Water-StiSe H. .. Hl 97

vapor-sida H.'T.C., Ho ttQ.SS
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